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Preface 


In today’s world, the demand for clean and sustainable energy sources has become 
a strong driving force in continuing economic development, and thus as well in the 
improvement of human living conditions. Proton exchange membrane (PEM) fuel 
cells, as clean energy-converting devices, have drawn a great deal of attention in 
recent years due to their high efficiency, high energy density, and low or zero 
emissions. PEM fuel cells have several important application areas, including 
transportation, stationary and portable power, and micro-power. From the 1960s to 
the present, great progress has been made in the research and development of PEM 
fuel cells, in terms of stack power density increases and cost reduction. 
Nonetheless, two major technical gaps hindering commercialization have been 
identified: high cost and low reliability/durability. Fuel cell catalysts, such as 
platinum (Pt)-based catalysts and their associated catalyst layers, are the major 
factors in these challenges. Although a great deal of effort has been put into the 
exploration of cost-effective, active, and stable fuel cell catalysts, we have not yet 
had any real breakthroughs. Therefore, exploring new catalysts, improving catalyst 
activity and stability/durability, and reducing catalyst cost are currently the major 
tasks in fuel cell technology and commercialization. 

In a PEM fuel cell, both the anodic hydrogen (or liquid fiiel) oxidation reaction 
(HOR) and the cathodic oxygen reduction reaction (ORR) take place within the 
respective catalyst layers. Electrocatalysts and their corresponding catalyst layers 
thus play critical roles in fuel cell performance. In our present state of technology, 
the most practical catalysts in PEM fuel cells are highly dispersed Pt-based 
nanoparticles. However, Pt-based catalysts have several drawbacks, such as high 
cost, sensitivity to contaminants, no tolerance for methanol oxidation (in a direct 
methanol fuel cell, DMFC, application), fewer completed four-electron reduction 
reactions, and Pt dissolution. In the search for alternative low-cost non-Pt catalysts, 
researchers have looked at several others, including supported platinum group 
metal (PGM) types such as Pd-, Ru-, and Ir-based catalysts, bimetallic alloy 
catalysts, transition metal macrocycles, and transition metal chalcogenides. 
However, these approaches are as yet in the research stage, as the catalyst activities 
and stabilities are still too low to be practical in comparison with Pt-based 
catalysts. Another approach is to reduce Pt loading in a catalyst or catalyst layer 
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using alloying and carbon supports. However, due to rapid increases in the cost of 
platinum, all efforts to reduce Pt loading have thus far been offset by rising prices. 
Non-noble metal catalysts would therefore appear to be a possible solution for the 
sustainable commercialization of PEM fuel cells. 

Another significant challenge is gaining a fundamental understanding of ttiel 
cell catalyst structures and their corresponding catalytic reaction mechanisms. 
Current approaches rely largely on trial and error. To design new, breakthrough 
catalysts, we need a well-defined theoretical approach. Theoretical studies will 
provide a platform not only for understanding catalyst performance but also for 
exploring the structure-activity relationship at the electron/molecular level, and 
ultimately for rationally designing new catalysts. 

To accelerate breakthroughs in the research and development of PEM fuel cells 
and their sustainable commercialization, a comprehensive and in-depth book that 
focuses on both fundamental and application aspects of PEM fuel cell 
electrocatalysts and catalyst layers is definitely needed, to build upon the several 
important books that have previously been published in the area of electrocatalysts. 

This book contains comprehensive information on PEM fuel cell eletrocatalysts 
and catalyst layers, with a particular focus on: (1) the fundamentals of 
electrochemical catalysis within PEM fuel cells, including both H 2 /O 2 (air) and 
liquid-fuels /02 (air) fuel cells; (2) electrocatalyst/catalyst layer synthesis, 
characterization, and activity validation and modelling; and (3) the integration of 
electrocatalysts/catalyst layers into fuel cells, and their performance validation, 
including catalyst layer structure functioning and optimization, catalyst 
degradation and diagnosis, and strategies to mitigate failure modes. 

The contributors to the volume are fuel cell scientists and engineers with 
excellent academic records as well as strong industrial fuel cell expertise. This 
book contains the latest research and development in PEM fuel cell catalysis, and 
indicates important new directions for fuel cell commercialization. Readers will 
find numerous figures, photographs, and data tables, as well as comprehensive 
reference materials for each chapter. We hope that this book will be used by 
industry researchers, by scientists and engineers working in the areas of energy, 
electrochemistry science/technology, fuel cells, and electrocatalysis, and by post¬ 
secondary students. We have endeavoured to make easily accessible the latest 
information on fuel cell catalysis fundamentals and applications. 

Each chapter is relatively independent of the others, a structure which we hope 
will help readers quickly find topics of interest without necessarily having to read 
through the whole book. Unavoidably, however, there is some overlap, reflecting 
the interconnectedness of the research and development in this dynamic field. 

I would like to acknowledge with deep appreciation all my colleagues at the 
Institute for Fuel Cell Innovation, National Research Council of Canada (NRC- 
IFCI). Financial support for this book’s editing and indexing from NRC-IFCI is 
also gratefully acknowledged. Special thanks go to Dr. Hui Li, Ms. Lei Zhang, Dr. 
Chaojie Song, Dr. Zheng Shi, Dr. Hansan Liu, Dr. Kunchan Lee, Dr. Jianlu Zhang, 
Mr. Ryan Baker, Dr. Xiao-Zi Yuan, Dr. Rob Hui, Dr. Dave Ghosh, Ms. Maja 
Veljkovic, Ms. Eva Sharpe, Dr. David P. Wilkinson, Dr. Simon (Zhong-Sheng) 
Liu, Dr. Haijiang Wang, Dr. Jun Shen, Dr. Radenka Marie, and Dr. Steve 
Holdcroft at NRC-IFCI for their strong support, encouragement, and suggestions. I 
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also wish to thank Dr. Dania Sheldon for her effective editing and indexing 
services. Finally, my special appreciation goes to my wife, my son, and my 
daughter for their understanding and support of my work. 

If technical errors exist in this book, I and all of the authors would deeply 
appreciate the readers’ constructive comments for correction and further 
improvement. 

Jiujun Zhang 

Institute for Fuel Cell Innovation, 

National Research Council of Canada 
Vancouver, BC, Canada 
May 2008 
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PEM Fuel Cell Fundamentals 


Xiao-Zi Yuan and Haijiang Wang 


1.1 Overview 

1.1.1 Introduction 

A fuel cell is an electrochemical device that continuously and directly converts the 
chemical energy of externally supplied fuel and oxidant to electrical energy. Fuel 
cells are customarily classified according to the electrolyte employed. The five 
most common technologies are polymer electrolyte membrane fuel cells (PEM fuel 
cells or PEMFCs), alkaline fuel cells (AFCs), phosphoric acid fuel cells (PAFCs), 
molten carbonate fuel cells (MCFCs) and solid oxide fuel cells (SOFCs). Flowever, 
the popularity of PEMFCs, a relatively new type of fuel cell, is rapidly outpacing 
that of the others. 

Unlike most other types of fuel cells, PEMFCs use a quasi-solid electrolyte, 
which is based on a polymer backbone with side-chains possessing acid-based 
groups. The numerous advantages of this family of electrolytes make the PEM fuel 
cell particularly attractive for smaller-scale terrestrial applications such as 
transportation, home-based distributed power, and portable power applications. 
The distinguishing features of PEMFCs include relatively low-temperature (under 
90 °C) operation, high power density, a compact system, and ease in handling 
liquid fuel. 

1.1.1.1 A Brief History of PEM Fuel Cells 
Invention of the Fuel Cell—1839 

The idea of the gaseous fuel cell can be traced back to Sir William Grove, a Welsh 
judge, inventor, and physicist, who is recognized as “the father of the fuel cell.” A 
reproduction of his drawing of a fuel cell, from 1838, can be seen in Figure 1.1. In 
1839 Grove found that electrolysis (using electricity to split water into hydrogen 
and oxygen) could be performed in reverse with the right catalyst, producing 
electricity. In 1842, Grove developed a stack of 50 fuel cells, which he called a 
“gaseous voltaic battery”. However, for almost a century after Grove’s discovery 
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the fuel cell did not make any practical progress, remaining only a scientific 
curiosity. 



Figure 1.1. The first fuel cell. (Originally printed in Grove, W. R. (1838). Oil a new voltaic 
combination. Philosophical Magazine and Journal of Science 13, 430.) 

In 1937, Francis T. Bacon, an Englishman, started to work on practical fuel 
cells. By the end of the 1950s [1] he had developed a 40-cell stack capable of 5 
kW. The stack was able to power a welding machine, circular saw, and forklift. 

PEMFuel Cell Development — 1960s 

The PEM fuel cell was invented at General Electric (GE) in the early 1960s, 
through the work of Thomas Grubb and Leonard Niedrach. Initially, sulfonated 
polystyrene membranes were used as the solid electrolytes, but these were soon 
replaced by Nafion® membranes in 1966. The Nation membrane has proved to be 
superior in performance and durability, and it is still the most popular membrane in 
use today. 

Gemini Space Program — 1950-1970 

PEM fuel cell technology served as part of NASA’s Gemini Program (Figure 1.2), 
the main objective of which was to test equipment and procedures for Apollo. GE’s 
PEM fuel cells were selected, but the earliest model PB2 cell repeatedly 
encountered technical difficulties, including internal cell contamination and 
leakage of oxygen through the membrane. Gemini I through IV flew with batteries 
instead. Due to PB2’s malfunctions and poor performance, a new model, P3, was 
designed. The first mission to utilize PEMFCs was Gemini V. However, they were 
replaced by alkaline fuel cells in the Apollo program and in the space shuttle. This 
delayed the development of PEM fuel cells for a decade [2, 3]. 
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Figure 1.2. Gemini space mission used fuel cells. (Image courtesy of NASA.) 
Ballard Breakthrough — 1980-2000 

Due to their high cost, fuel cell systems were limited to space missions and other 
special applications. It was not until the late 1980s and early 1990s, when research 
by Ballard Power Systems (founded in 1979) resulted in a resurgence in interest in 
PEMFCs and the development of fuel cells, that fuel cells became a real option for 
wider applications. In 1983, Ballard began developing PEM fuel cells. Proof-of- 
concept fuel cells followed, and sub-scale and full-scale prototype systems (Figure 
1.3) were developed to demonstrate the technology. Their milestones in the 1990s 
are as follows: 

Mk900 (2000) Mk800 (1997) Mk700(1995) Mk500(1993) Mk300(1991) 

80 kW 50 kW 25 kW 10 kW 5 kW 



(a) (b) (c) 


Figure 1.3. Fuel cells produced by Ballard Power Systems, (a) Markl020 ACS™, (b) 
Markl030™ V3, (c) Heavy-Duty Fuel Cell Module (HD6). (Images courtesy of Ballard 
Power Systems.) 
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Figure 1.4. A map of the Hydrogen Highway in British Columbia, Canada. (Image courtesy 
of BC Hydrogen Highway™.) 

PEMFuel Cells Today 

Since interest in PEM fuel cell research and development has intensified, more and 
more universities and institutes all over the world are becoming involved. So far 
several key innovations, such as low platinum catalyst loading, novel membranes, 
and new bipolar plates, make the application of PEMFC systems more or less 
realistic. Demonstration activities in every corner of the world are overwhelming. 
Figure 1.4 shows an example of a hydrogen and fuel cell demonstration project, the 
Flydrogen Highway in British Columbia, Canada. British Columbia’s Hydrogen 
Highway is actually both a demonstration program and a market development 
program; it features an evolving network of hydrogen and fuel cell technologies, 
including vehicle fuelling infrastructure. The project leaders and participants come 
from British Columbia’s hydrogen and fuel cell industries, government, industry 
associations, and academic institutions. Fully implemented in time for the 2010 
Olympic and Paralympic Winter Games, the program will operate a fleet of 20 
buses in Victoria and Whistler. 

After the Canadian government announced funding for the world’s first 
hydrogen highway, California’s Governor Schwarzenegger committed to the 
building of a California Hydrogen Highway Network on a similar timescale, by 
signing an executive order creating a public/private partnership. 
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1.1.1.2 Principles of PEM Fuel Cells 

The conversion of chemical energy to electrical energy in a PEM fuel cell occurs 
through a direct electrochemical reaction. It takes place silently without 
combustion. The key part of a PEM fuel cell, which is known as a membrane 
electrode assembly (MEA), consists of a polymer electrolyte in contact with an 
anode and a cathode on either side. To function, the membrane must conduct 
hydrogen ions (protons) and separate either gas to pass to the other side of the cell. 
A schematic representation of a PEM fuel cell is shown in Figure 1.5. 


Load 


Fuel in 


Depleted fuel and 
product gases out 



Oxidant in 


Depleted oxidant and 
product gases out 


Anode — 1 Polymer 1 — Cathode 

electrolyte 


Figure 1.5. Diagram of PEM fuel cell principle 


Unlike in a conventional batteiy, the fuel and oxidant are supplied to the device 
from external sources. The device can thus be operated until the fuel (or oxidant) 
supply is exhausted. As seen in Figure 1.5, on one side of the cell, hydrogen is 
delivered through the flow field channel of the anode plate to the anode. On the 
other side of the cell, oxygen from the air is delivered through the channeled plate 
to the cathode. At the anode, hydrogen is decomposed into positively charged 
protons and negatively charged electrons. Positively charged protons pass through 
the polymer electrolyte membrane (PEM) to the cathode, whereas the negatively 
charged electrons travel along an external circuit to the cathode, creating an 
electrical current. At the cathode, the electrons recombine with the protons, and 
together with the oxygen molecules, form pure water as the only reaction by¬ 
product, which flows out of the cell. 

The splitting of the hydrogen molecule is relatively easy using a platinum 
catalyst. Flowever, the splitting of the stronger oxygen molecule is more difficult, 
which causes significant activation loss. So far platinum is still the best option for 
the oxygen reduction reaction (ORR). Another significant source of performance 
loss is the resistance of the membrane to proton flow, which is minimized by 
making it as thin as possible (around 50 pm). Nevertheless, the PEM fuel cell is a 
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system whose successful operation with a high power output depends on all the 
sub-systems; its performance depends on components such as flow field design, 
catalyst, and membrane, and also on parameters such as temperature and humidity. 

1.1.1.3 Single Cell, Stack, and System 

Single Cell 

A single PEM fuel cell includes only one anode and one cathode; therefore, the 
operating voltage of a single cell is less than 1 V. When it is operated under a given 
current, the voltage is even less. An acceptable performance for a state-of-the-art 
single cell is at least 1 A/cm 2 at a voltage of 0.6 V. Here are two examples of single 
cell designs. 

An in-house fabricated single cell designed by the National Research Council 
of Canada Institute for Fuel Cell Innovation (NRC-IFCI) is shown in Figure 1.6. 
The single cell components include the bladder plate, piston, plastic plate, anode 
current collector, anode plate, gaskets, cathode plate, cathode current collector, and 
another plastic plate and bladder plate. The graphite plate/current collector are 
isolated from the aluminum end plate by a plastic plate, which also serves as a gas 
manifold. Gaskets are used to seal the MEA. A variable pressure bladder, 
controlled with nitrogen gas, is used to compress and seal the cell assembly. Cell 
heating is accomplished by two pairs of heat tape pieces. The inner 60 W heat tape, 
which is glued onto the copper current collector plates, allows the cell to operate at 
temperatures up to 120 °C. 



Anode 

Current collector 


I 

Outlets 


Cathode 
Current collector 


Bladder plate Piston Plastic plate Flow fields 


Plastic plate Bladder plate 


Figure 1.6. A single PEM fuel cell with an active area of 4.4 cm 2 designed by NRC-IFCI. 
(Reproduced by pennission of ECS—The Electrochemical Society, from Tang Y, Zhang J, 
Song C, Liu H, Zhang J, Wang H, et al. Temperature-dependent perfonnance and in situ AC 
impedance of high-temperature PEM fuel cells using the Nation-112 membrane.) 

Figure 1.7 shows the assembly diagram of a diagnostic modeling PEM fuel cell 
also designed by NRC-IFCI. The active area of this single cell is 192 cm 2 . A 
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straight channel configuration is chosen for the cathode plate to simplify the 
modeling process, ease the integration of sensors, and result in a relatively small 
pressure drop. Two-path serpentine channels are used for the anode plate, with the 
coolant channels in the back covering the entire active area. Two additional plates 
are used in the assembly of the single cell. One is the end plate, which seals the 
coolant channels on the anode plate. It is a blank plate, void of any distribution 
channels or seal grooves, marked only by holes for the reactant gases, coolant, and 
alignment pin. The other is the coolant plate, which cools the cathode plate and 
consists of a hole for the alignment pin, a seal groove, and coolant channels. At one 
end of the distribution plates, the manifold has ports for the hose fittings to connect 
to the distribution channels in the various plates. The relatively soft insulating 
material is able to electrically isolate the fuel cell. Between the plates and the 
insulators are the current collectors, which have a high electrical conductivity. The 
main components of the compression hardware are the alignment plate, tie rods, tie 
rod screws, bushings, and compression plate and bladder. The compression plate 
and bladder provide the compression force. It is a pneumatic system allowing 
accurate control of the compressive force, which ensures proper sealing and 
guarantees that the MEA is in contact with the reacting gases. A picture of the 
assembled diagnostic single cell is shown in Figure 1.8. 


Compression 

Plate 


Coolant 

Plate 


Alignment Plate 


Compression 

Bladder 



Bushings 


\ 

Cathode 

! \ 





Insulation 

Cathode Current 

TOP WORK 

Plate 

Collector 


Anode Current 
Collector 


Figure 1.7. Assembly diagram of a diagnostic modeling PEM fuel cell with an active area 
of 192 cm 2 , designed by NRC-IFCI [6] 
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Figure 1.8. Assembled diagnostic modeling cell [6] 


Stack 

Single cells produce less than 1 V of electricity, which is far from enough to power 
a vehicle. In order to produce a useful voltage, multiple cells must be assembled 
into a fuel cell stack. This can be achieved in a parallel and/or a series mode to 
supply feed gas to the stacks. In a parallel gas supply fuel cell stack, all cells are 
fed in parallel from a common hydrogen/air inlet. In the serial configuration the 
gas from the outlet of the first cell is fed to the inlet of the second cell and so on 
until the last cell, which helps prevent non-uniform gas distribution. To avoid a 
large pressure drop this arrangement can be used only for stacks with a small 
number of fuel cells [7]. 

A discussion of the distribution of the reactant gases must address the flow field 
design. The essential requirement for flow field design is uniform distribution of 
the reactant gases over the respective active electrode surface. A non-uniform 
distribution will result in a non-uniform current density distribution leading to 
lower catalyst utilization, lower energy efficiency, and, last but not least, a reduced 
cell life. Usually, flow fields are designed around their maximum power operating 
point with the goals of maximizing performance and minimizing pressure drop 
between the inlet and outlet of the flow field. Nevertheless, when designing a flow 
field, several considerations must be taken into account, including flow rate, water 
management, thermal management, and pressure drop. 

For a typical planar PEMFC design, feeding channels are often designed with 
one of three basic flow field structures: seipentine, parallel, or interdigitated [8]. 
Due to the length of the channels, serpentine flow fields have large pressure losses 
between the inlet and the outlet. The straight parallel design exhibits lower 
pressure differences; however, inhomogeneous reactant gas distribution can easily 


PEM Fuel Cell Fundamentals 9 


occur. The interdigitated flow field, which consists of dead-ended inlet and outlet 
channels, forces the reactant gas to flow through the electrode in order to exit, and 
helps solving the cathode-flooding problem. 

In most commercial fuel cell stacks, the separator plates are designed to be 
bipolar, with one side of the plate being the anode of one cell and the other side 
being the cathode of the adjacent cell. The series electrical connection between 
cells is made through the electrically conducting separator plate. The potential 
power generated by a series-connected fuel cell stack depends on the number and 
size of the individual fuel cells that comprise the stack and the surface area of the 
PEM. 

A typical PEM fuel cell stack is shown in Figure 1.9. Individual cells are 
electrically connected with interconnects. The interconnect becomes a separator 
plate, which provides an electrical series connection between adjacent cells and a 
gas barrier that separates the fuel and oxidant of adjacent cells. 


Bipolar plate 



Figure 1.9. PEM fuel cell stack. (Reprinted and modified from [9]. Journal of Power 
Sources, 114(1), Mehta Viral and Cooper Joyce Smith, Review and analysis of PEM fuel 
cell design and manufacturing, 70-79, ©2003, with permission from Elsevier.) 

System 

In addition to the stack, practical fuel cells such as those in fuel cell vehicles 
(FCVs) require several other sub-systems and components to work as a system. 
Generally speaking, most fuel cell systems contain the following: 

• Hydrogen reformer or hydrogen purification: When a fuel other than 
hydrogen are used, it must be reformed to form a hydrogen-rich anode feed 
mixture. Even if hydrogen gas is used, it can contain impurities, which can 
cause deactivation of the catalysts. The impurities are removed through a 
process of purification. 

• Air supply: This includes air compressors or blowers as well as air filters. 

• Water management: Inlet gases normally must be humidified, and water is 
a reaction product. 

• Thermal management: All fuel cell systems require careful management of 
the fuel cell stack temperature [10]. 
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The specific arrangement of the fuel cell systems varies, depending on the fuel 
cell type, the fuel choice, and the application. An example of a fuel cell system 
with direct hydrogen gas feeding is depicted in Figure 1.10(a). 

Methanol and some other liquid fuels can be fed to a PEM fuel cell directly 
without being reformed, thus forming a direct methanol fuel cell (DMFC), direct 
ethanol fuel cell (DEFC), direct formic acid fuel cell (DFAFC), and so on. 



Water Tank 

Figure 1.10(a). Block diagram of a PEM fuel cell system [11]. (Pukrushpan JT, 
Stefanopoulou AG, Peng H. IEEE Control Systems Magazine, Control of fuel cell breathing. 
©2004 IEEE. Reprinted with permission.) 


Fuel processor subsystem 
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Figure 1.10(b). A complete fuel cell system integrated with a fuel processor [1], (Reprinted 
from Barbir F. PEM fuel cells: theory and practice. New York: Elsevier Academic Press, 
©2005, with pennission from Elsevier.) 
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Typical systems utilize on-board reformation, processing the gasoline, 
methanol, or other carbon-based fuel into hydrogen-rich gas. A complete fuel cell 
system integrated with a fuel processor is shown in Figure 1.10(b). The system 
contains the four sub-systems explained above. Currently, complete systems such 
as this are available in the market. The most well-known manufacturers of PEM 
systems include Ballard Power Systems, UTC Power (also known as UTC Fuel 
Cells), PEMEAS USA, E-TEK Inc., DuPont, 3M, Johnson Matthey, WL Gore, 
Hydrogenics, and Plug Power [3]. 

1.1.2. Main Cell Components and Materials 

1.1.2.1 Membrane 

The main function of the membrane in PEM fuel cells is to transport protons from 
the anode to the cathode; membrane polymers have sulfonic groups, which 
facilitate the transport of protons. The other functions include keeping the fuel and 
oxidant separated, which prevents mixing of the two gases and withstanding harsh 
conditions, including active catalysts, high temperatures or temperature 
fluctuations, strong oxidants, and reactive radicals. Thus, the ideal polymer must 
have excellent proton conductivity, chemical and thermal stability, strength, 
flexibility, low gas permeability, low water drag, low cost, and good availability 
[ 12 ]. 

Different types of membranes have been tested for use in PEM fuel cells. The 
membranes are usually polymers modified to include ions, such as sulfonic groups. 
These hydrophilic ionic moieties are the key for allowing proton transport across 
the membrane. The favored polymer structure has changed to improve membrane 
lifetime and slow down membrane degradation [13]. 

The very early membranes, fabricated by Grubb and Niedrach of GE, were 
phenol-formaldehyde sulfonic acids produced by the condensation of 
phenolsulfonic acid and formaldehyde. Unfortunately, they hydrolyzed easily and 
were extremely weak. These were followed by membranes with a partially 
sulfonated polystyrene backbone. Their performance was also unsatisfactory, 
achieving a lifetime of only 200 hours at 60 °C. The first membranes to have 
sufficient physical strength were “D” membranes, manufactured by American 
Machine Foundry. They were fabricated by grafting styrene-divinylbenzene into a 
fluorocarbon matrix, followed by sulfonation. “D” membranes achieved life spans 
of 500 hours at 60 °C and were utilized in the fuel cells as auxiliary power sources 
for seven Gemini space missions [14]. 

Degradation of the “D” membranes was linked to the reactivity of the alpha C- 
H bond in the polymer. A series of membranes that did not contain this bond were 
then synthesized. a,p,p-trifluorostyrene sulfonic acid was determined to have 
chemical and thermal stability, but poor physical properties (Figure 1.11(a) [15]). 
This was somewhat improved by using a triethyl phosphate plasticizer to combine 
polyvinylidine fluoride with the trifluorostyrene sulfonic acid polymer, reaching a 
lifetime of up to 5000 hours at 80 °C. This lifetime was doubled by a fluorocarbon 
matrix grafted with trifluorostyrene, and then further improved by a membrane 
composed of trifluorostyrene and substituted trifluorostyrene copolymers [16, 17]. 
The latter membrane (Figure 1.11(b)), developed by Ballard Power Systems, 
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achieved a performance time of more than 15,000 hours (for the BAM3G series) 
[14,18]. 




Figure 1.11, Types of PEMs: (a) Monomer units of a,P,P-trifluorostyrene sulfonic acid (b) 
BAM3G (c) Nafion (d) Dow membrane (e) polysulfone (f) polyetherketone [24], (Reprinted 
from International Journal of Hydrogen Energy, 31, Colliera A, Wang H, Yuan XZ, Zhang 
J, Wilkinson DP. Degradation of polymer electrolyte membranes, 1838-54, ©2006 with 
permission from Elsevier.) 

One of the most widely used membranes today is Nafion, a polymer created by 
the DuPont company. Nafion (Figure 1.11(c) [13]) has an aliphatic perfluorinated 
backbone with ether-linked side chains ending in sulfonate cation exchange sites 
[14, 19]. It is a copolymer of tetrafluoroethylene and sulfonyl fluoride vinyl ether 
[20] and has a semi-crystalline structure [21]. This structure, which resembles 
Teflon, gives Nafion long-term stability in oxidative or reductive conditions [12]. 
In the dry state it has reverse micelle morphology, in which the ionic clusters are 
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dispersed in a continuous tetrafluoroethylene phase. When the membrane absorbs 
water, the ionic domains swell and form proton-conducting channels above a 
critical water content. The conductivity increases with the water content up to a 
point. As the water content increases further, the concentration of protons is 
diminished and the conductivity is decreased. Nafion 120 was reported to reach 
60,000 hours of operation (43 °C-82 °C) [14]. 

The Dow Chemical Company manufactured a similar membrane (Figure 
1.12(d) [13]) with shorter side chains, which was shown to attain a power density 
more than double that of Nafion. Flowever Nafion remains the most popular 
membrane due to lower cost and ease of fabrication [22]. Nafion is still quite 
expensive, and the industry is striving to find a more affordable substitute to allow 
commercialization. 

Several other types of polymers, such as polyetherketones, polyimide, and 
polyethersulfone (Figures 1.11(e) and 1.11(f)) are also being studied [18, 23]. 

Generally, it is the lifetime of the PEM that determines the life of the PEMFC. 
Thinner membranes, although they increase performance efficiency and proton 
conductivity, have lower physical strength and higher gas permeability, allowing 
more gas crossover, which accelerates degradation. According to H 2 /air PEMFC 
testing, Nafion 112 has reached a maximum lifetime of just over 10,000 hours [14]. 
The technology for solid polymeric electrolytic membranes calls for the thinnest 
film that is electrochemically stable. At present, polymeric solid state fuel cell 
membranes, thinner than 50 microns, seldom work mechanically during fuel cell 
operation. When approaching the thin film limits, interfacial effects become 
significant to structure dynamics and consequently, the stability of the membranes 
[25], 

1.1.2.2 Electrodes 

Platinum has been considered to be the best catalyst for both the anode and the 
cathode though there is a large difference between the ORR and the hydrogen 
oxidation reaction (FIOR) using the same catalyst. A great deal of effort has been 
made by many researchers toward developing appropriate catalyst materials, 
especially for the ORR, and platinum is so far still the best option. Therefore, in 
many PEMFCs, the anode and the cathodes use an identical catalyst: platinum. 

Usually, the platinum catalyst is formed into small particles on a surface of 
somewhat larger particles that act as a supporter, known as carbon powder. A 
widely used carbon-based powder is Vulcan XC72® (by Cobalt). This way the 
platinum is highly divided and spread out, so that a very high proportion of the 
surface area will be in contact with the reactant, resulting in a great reduction of the 
catalyst loading with an increase in power. In the early days of PEM fuel cell 
development, the catalyst was used at the rate of 28 mg/cm 2 of platinum. In recent 
years the usage has been reduced to around 0.2 mg/cm 2 with an increase in power. 
The basic raw-material cost of the platinum in a 1 kW PEMFC at such loadings 
would be about $10—a small portion of the total cost [26]. 

Basically, there are two methods to form the MEA of a PEM fuel cell. One 
alternative is using appropriate techniques to add the carbon-supported catalyst to a 
porous and conductive material, such as carbon cloth or carbon paper, called a gas 
diffusion layer (GDL). Normally, polytetrafluoroethylene (PTFE) and Nafion 
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solution are added. PTFE, which is hydrophobic, can expel the product water to the 
surface where it can evaporate. Nation can help attach the catalyst layer to the 
membrane, and it also helps increase the ionic conductivity of the catalyst layer. 
Then the catalyst-surfaced GDL is hot-pressed together with the pre-treated 
membrane, which has catalyst on each side. This fairly standard procedure for 
fabricating an MEA is described in many papers. For example, Lee et al. [27], 
cleaned the electrolyte membrane by immersing it first in boiling 3% hydrogen 
peroxide in water for 1 hour, and then in boiling sulfuric acid for the same amount 
of time, to ensure as full protonation of the sulfonate group as possible. The 
membrane was rinsed in boiling deionised water for 1 hour to remove any 
remaining acid. The electrodes were then put onto the electrolyte membrane and 
the assembly was hot pressed at 140 °C at high pressure for 3 minutes to complete 
the process. 
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Figure 1.12. Diagram of a typical MEA structure [31], (Reprinted from Catalysis Today, 
67(1-3), Thampan Tony, Malhotra Sanjiv, Zhang Jingxin and Datta Ravindra, PEM fuel cell 
as a membrane reactor, 15-32, ©2001, with pennission from Elsevier.) 

Another method is to build the electrode directly onto the membrane. In this 
method, the catalyst mixed with hydrophobic PTFE is directly manufactured onto 
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the membrane using various techniques such as rolling methods [28], spraying 
[29], or an adapted printing process [30]. However, the literature seldom gives 
details about the method used. Once the catalyst is fixed to the membrane, a GDL 
is then applied when assembling the cell. 

The MEAs manufactured by both of the above methods have similar sandwich¬ 
like structures. As depicted in Figure 1.12, the outer layers of the sandwich are 
GDLs. The membrane is in the middle, with catalysts between the GDL and 
membrane. The anode, the negative side of the fuel cell, conducts the electrons 
freed from the hydrogen oxidation so that they can be used in an external circuit. 
The cathode, the positive side of the fuel cell, conducts the electrons back from the 
external circuit to the catalyst, where they can recombine with the hydrogen ions 
and oxygen to form water. The PEM—a specially treated material—conducts only 
positively charged ions and blocks the electrons, which is crucial to PEM fuel cell 
technology. 

The thickness of the membrane in an MEA varies with the type of membrane. 
The thickness of the catalyst layer depends upon how much platinum is used in 
each electrode. For catalyst layers containing about 0.15 mg Pt/cm 2 , the thickness 
of the catalyst layer is close to 10 pm. The thickness of an MEA depends on the 
thickness of the membrane, catalysts, and GDL. The MEA, with a total thickness 
of about 200 pm, can generate more than 0.5 A/cm 2 at a voltage of 0.7 V when 
encased in well-chosen key materials—membrane, backing layers, bipolar plates, 
catalysts, and other components, such as flow fields, and current collectors [32]. 

1.1.23 Gas Diffusion Layer 

GDLs are critical components in PEMFCs. The GDLs (or the backing layers), 
together with the flow fields and current collectors, are designed to achieve high 
performance from the operation of the PEM fuel cell. But the GDLs may or may 
not be an integral part of the MEA [26]. 

The main function of the GDL is to diffuse the gas. The porous nature of the 
backing material facilitates the effective diffusion of each reactant gas to the 
catalyst on the MEA. The GDL is also an electrical connection between the 
carbon-supported catalyst and the bipolar plate or other current collectors. In 
addition, the GDL also helps in managing water in the fuel cell as it carries the 
product water away from the electrolyte surface [32]. 

The GDL is usually made of a carbon-based porous substrate, such as carbon 
paper or carbon cloth, with a thickness of about 0.2 to 0.5 mm and a dual-layer 
structure. A schematic of the GDL between the flow field and the catalyst layer is 
presented in Figure 1.13. The first layer of the GDL, in contact with the flow field 
and the inlet gas in the flow channels, is a macro-porous carbon substrate, serving 
as a current collector, a physical support for the catalyst layer, and an elastic 
component of the MEA. The elastic component is necessary for the fuel cell to 
handle the compression needed to establish an intimate contact. The second layer 
of the GDL, in contact with the catalyst layer, is a thinner microporous layer 
consisting of carbon black powder and some hydrophobic agent, which provides 
proper surface pore size and hydrophobicity to avoid flooding and to enhance 
intimate electronic contact at its interface with the catalyst layer [33]. 
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Double-layer 
Gas Diffusion 
Layer 



Figure 1.13. Schematic of a double-layer GDL [33], (Reproduced by permission of ECS— 
The Electrochemical Society, from Williams MV, Begg E, Bonville L, Kunz HR, Fenton 
JM. Characterization of gas diffusion layers for PEMFC.) 

An ideal GDL is required to effectively transport the gas reactants to the 
catalyst layers, have low electronic resistance, have a surface that enhances good 
electronic contact, and have proper hydrophobicity for each application. In 
particular, for the highest power output when the fuel cell is operated at a relatively 
high current density, a higher flux of gas feed is needed, which requires the ideal 
GDL to effectively transport reactant gases to the catalyst surfaces at a high rate 
[33], 

1.1.2.4 Bipolar Plates 

Among the components of the fuel cell stack, the bipolar plate is considered to be 
one of the most costly and problematic. In addition to meeting cost constraints, 
bipolar plates must possess a host of other properties. The search for suitable, low- 
cost bipolar plate materials is a key concern in PEMFC stack development [34]. 

The bipolar plate is a multi-functional component. Its primary function is to 
supply reactant gases to the gas diffusion electrodes (GDEs) via flow channels. 
The effectiveness of the reactant transport depends partially on the art of the flow- 
field design [35], so an alternative name for the bipolar plate is the flow-field plate. 
Bipolar plates must provide electrical connections between the individual cells. 
They have to remove the water produced at the cathode effectively [36]. Bipolar 
plates must also be relatively impermeable to gases, sufficiently strong to 
withstand stack assembly, and easily mass-produced. For transport applications, 
low weight and low volume are essential [37]. As bipolar plates operate in constant 
contact with the acidic water (pH ~ 5) that is generated under the operating 
conditions of the stack, high chemical stability and corrosion resistance are 
required. Not only can oxides formed during corrosion migrate and poison the 
catalyst but they can also increase the electrical resistivity of the plates, and 
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therefore result in reduced fuel cell performance. In addition, the bipolar plate 
material must be able to resist a temperature of 80°C or more, high humidity, and 
an electrical potential [38], To summarize, the PEMFC bipolar plate technical 
design criteria or major constraints are as follows: 

1. Low cost (< $2/plate) 

2. Ease of gas flow 

3. High electric conductivity (> 100 Scm 1 ) 

4. Low impermeability to gases 

5. High manufacturability 

6. Reasonable strength 

7. Low weight 

8. Low volume 

9. High chemical stability and corrosion resistance (< 16 pAcin 2 ) 

10. Low thermal resistance 

Potential bipolar plate materials should meet all of these requirements and, in 
the long run, should be inexpensive and readily available for the purpose of mass 
production [39]. 

Generally speaking, graphite is an excellent material for fuel cell bipolar plates, 
but both the material cost and the processing cost are very high for large-scale 
production. Although graphite plates are not considered to be the most effective 
material for PEM fuel cell applications, they are preferred for space applications 
due to their superior corrosion resistance without coating when compared to metal 
plates. Now more attention is being paid to composites and metals. It has been 
concluded that the most promising for fuel cell commercialization are the graphite 
polymer composites and metallic materials with coatings. Carbon polymer 
composites and sheet metal are potentially low-cost materials and are especially 
suitable for mass production because flow fields can be molded directly into 
carbon polymer composites, and thin sheet metal can be stamped to plates in an 
established mass production process. Nevertheless, there is still a great deal of 
work needed to obtain satisfactory bipolar plate materials. Not only should an 
optimal bipolar plate meet the property requirements above, but its fabrication 
process should also be easy fabrication and inexpensive. The art of the flow-field 
design of bipolar plates is another important feature for the performance of the fuel 
cells. The fate of potential materials will ultimately determined by all these factors 
[34], 

1.1.3 PEM Fuel Cell Operation 

1.1.3.1 Operation Conditions 

The principle of how a PEM fuel cell generates electricity is straightforward. 
However, the cell power output depends on material properties, cell design and 
structure, and operation conditions, such as the gas flow, pressure regulation, heat, 
and water management. High performance of a PEM fuel cell requires maintaining 
optimal temperature, membrane hydration, and partial pressure of the reactants 
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across the membrane to avoid any degradation of performance. These critical 
operation parameters must be controlled over a wide range of current [11]. 

Operating Pressure 

A PEM fuel cell can be operated at ambient pressure or at a higher pressure. A fuel 
cell usually obtains better performance when the pressure is increased. But note 
that to increase the operating pressure, extra compression power is needed. From 
the system point of view, the net gain of pressurized operation is questionable 
when compression power is taken into account. In addition, the issue of 
pressurization is related to the issue of water management [1]. 

Very often, the reactant gas is fed from a pressurized tank to the fuel cell at the 
inlet. The pressure, known as the backpressure, is controlled by a pressure 
regulator installed at the outlet. This backpressure regulator keeps the desired 
pressure at the fuel cell outlet, while the inlet pressure is sometimes not even 
recorded. However, the inlet pressure, which is always higher than the outlet 
pressure as there is a pressure drop between the inlet and outlet along the flow 
channels, is sometimes the pressure that matters. For example, there are two types 
of air supply systems for the cathode inlet [1]. 

Air blowing: In an air-blowing system, air is supplied to the cathode by a 
mechanical device, a compressor or a blower. The compressor or the blower must 
be able to deliver the air at the required flow rate and desired pressure. The 
backpressure regulator may still be installed to control the backpressure either at 
ambient pressure or at a higher pressure. 

Air breathing: Conventional air-blowing PEM fuel cell systems are limited for 
portable applications because they need power-consuming auxiliary devices, such 
as pumps, valves, fans, and humidifiers. Thus, air-breathing PEM fuel cells have 
been developed to overcome these limitations. In an air-breathing system, air is 
supplied to the cathode by diffusion and natural convection from the surroundings 
without humidification, so that the entire system is simplified. Nevertheless, there 
are obstacles for the air-breathing system despite the advantages of its system 
design. For example, the cell performance of an air-breathing cell is not as good as 
that of an air-blowing cell due to the poor transportation of air to the cathode, and 
there is no convective flow for the cathode to help manage the water balance in the 
system, which is crucial to the PEM fuel cell system [40]. 

Operating Temperature 

The cell temperature is another operating parameter that plays an important role in 
the cell operation. Generally speaking, a higher operating temperature results in 
higher cell potential or performance. However, for each fuel cell design there is an 
optimal operating temperature. Better performance will be obtained when the cell 
is operated at the optimal temperature, but a PEM fuel cell does not have to be 
heated up to this temperature in order to become operational 1. From the system 
point of view, the operating temperature of a practical fuel cell should be selected, 
as with the operating pressure, by taking into account not only the cell 
performance, but also the system requirements, such as the parasitic power 
requirements of the heat management sub-system. 
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The fuel cell reaction is exothermal; therefore it generates heat as a by-product. 
To maintain the desired temperature, heat must be removed from the system. Some 
heat dissipates from the outer surface of the fuel cell and the rest must be taken 
away with a cooling system. The cooling medium may be air, water, or a special 
coolant. The inner design of the fuel cell must allow the coolant to pass through, 
for example, a coolant plate or coolant channel on the back of the anode or cathode 
plate. Small fuel cells need a heater to reach the operating temperature because so 
much heat is being taken away from the outer surface [1]. The heat balance within 
a fuel cell can be written as 


Qgen Qreact,in Qdis Qreact,out + Qcoo, (1-1) 

where Q gen , Q reacl m , Q dis , Q reactjOUt , and Q cool refer to the heat generated in the 

fuel cell, the heat brought into the cell with reactant gases, the heat dissipation 
from the cell surface to the surroundings, the heat taken away by the reactant gases 
leaving the cell, and the heat carried away by the coolant, respectively. 

In addition, the temperature inside a fuel cell may not be uniform. It may vary 
from the inlet to the outlet, from the inside to the outside, or from the cathode to 
the anode. Very often the measured fuel cell temperature could be the surface 
temperature, the temperature of the air leaving the cell, or the temperature of the 
coolant leaving the cell. 

Reactant Flow Rate 

The reactant flow rate at the inlet of a fuel cell must be equal to or higher than the 
consuming rate of the reactant in the cell. A reactant-starved condition is 
detrimental to the fuel cell performance, since starvation can lead to cell reversal, 
which is often recognized by a negative cell potential. In this case, a hydrogen- 
starved anode is forced to oxidize water to generate oxygen and an oxygen-starved 
cathode is forced to reduce protons to hydrogen. Then, the presence of oxygen in 
the hydrogen electrode and hydrogen in the oxygen electrode can result in local hot 
spots on the membrane, leading to membrane degradation and failure of the fuel 
cell [7]. The solution is to ensure adequate gas flow to all the cells by using high 
stoichiometric gas flow rates ( A mr and A H2 ) and proper flow-field designs to 
prevent one cell or a group of cells from receiving most of the gas flow while other 
cells become reactant staived during operation. 

The usage of the cathode and anode reactants can be calculated based on 
Faraday’s law. For each mole of oxygen, four electrons are transferred; therefore, 


0, usage = —— mol / s 

2 4 F 

(1.2) 

Air usage = — x —-— mol / s 

4 F 0.21 

(1.3) 


For each mole of hydrogen, two electrons are transferred, 
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H, usage =- mol / 5 

2 F 


For a stack with n cells, the reactant usages become 


Air usage = — x —— mol / s 
4 F 0.21 

H, usage = mol / 5 
2 2 F 


(1.4) 


(1.5) 

( 1 . 6 ) 


Adding the cathode and anode excess gas ratio, A air and Z H , the two equations 
can be written as 

I ft 

Air usage =-x- x A,, mol Is (1.7) 

4 F 0.21 ‘ 

H, usage = —xX H mol/s (1.8) 

2F 2 

As most fuel cell test stations are controlled by regulating the flow rate at 
standard liter per minute (slpm), the above two equations are then transferred with 
a unit of slpm by using the ideal gas law. The results are as follows: 


Air usage « 0.0166 nIA air slpm 

(1.9) 

H , usage « 0.0070 nlA H ^ slpm 

(1.10) 


Reactant consumption using other units is listed in Table 1.1. 


Table 1.1. Reactant consumption (under the condition of per Ampere, per cell, 25 °C, and 
ambient atmosphere) 


Unit 

Oxygen 

consumption 

Air 

consumption 

Hydrogen 

consumption 

Water 

generation 

mols -1 

2.59 x 10“ 6 

1.23 x 10“ 5 

5.18 x 10' 6 

5.18 x 10“ 6 

gs“‘ 

8.29 x 10“ 5 

3.94 x 10^ 

1.04 x 10' 5 

9.33 x 10“ 5 

cnrV 1 

0.063 

0.302 

0.126 

9.33 x 10“ 5 

slpm 

0.0038 

0.0181 

0.0076 

N/A 

sm 3 h -1 

2.28 x 10 -4 

1.08 x 10“ 3 

4.56 x 10" 4 

N/A 
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Reactant Humidity 

Water balance and management are an important concern in PEM fuel cell system 
control. Dynamic water balance and management have become one of the major 
technical challenges for PEM fuel cell design and operation because they have a 
direct influence on the performance and lifetime of PEM fuel cell systems. 

Generally speaking, reactant gases with inlet relative humidity (RH) equal to or 
less than 100% are needed during the cell operation. The supply of reactant 
humidity is necessary and important because the membrane (e.g., Nafion) requires 
full hydration in order to maintain good performance and lifetime. It is widely 
recognized that membrane hydration can be achieved by supplying fully 
humidified reactant gas streams to both the anode and the cathode. 

The conductivity of the membrane in a PEMFC is directly related to its water 
content, which depends on (1) the water carried by the humidified reactant gases; 
(2) the water generated at the cathode as a result of electrochemical reaction; (3) 
the electroosmotic drag—that is, the water carried by the protons from the anode to 
the cathode; and (4) the water back diffusion from the cathode to the anode. 
Therefore, it is obvious that water management is a complex issue. 

Water management is very delicate for fuel cell users to control. Too much or 
too little water can degrade both the performance and therefore the lifetime of 
PEM fuel cells. If the membrane is too dry, it results in a direct decrease of 
membrane conductivity. If water is not removed adequately from the cell, 
especially at the cathode, liquid water flooding occurs, which leads to PEM fuel 
cell performance that is unpredictable, unreliable, and unrepeatable under identical 
operating conditions. Therefore, maintaining a perfect water balance during 
dynamic operation processes is crucial to fuel cell performance and lifetime [41]. 

It should be pointed out that in addition to the reactant humidity control, the 
flow channel layout, channel dimensions, and specifications of other cell 
components also influence water removal and the performance of the cell, which 
indicates that proper design of the flow fields and other components may help 
achieve better water balance and management in PEM fuel cells. 

1.1.3.2 Failure Modes and Accelerated Testing [42] 

Fuel cell commercialization has been delayed again and again due to technical 
barriers such as on-board storage, infrastructure for the hydrogen fuel and the fuel 
cell system and its durability. Durability, which is always defined as the maximum 
lifetime of a fuel cell system with no more than 10% loss in efficiency at the end of 
life, is one of the most stringent requirements for PEM fuel cells to be accepted as 
a viable product. The requirements for fuel cell lifetime vary significantly for 
different products. The fuel cell industry has set standards including: a lifetime 
durability of more than 40,000 hours and 8,000 hours of uninterrupted service at 
over 80% power for stationary applications. For buses and cars, more than 20,000 
and 6,000 operating hours are required, respectively [43, 44]. 

Various studies have focused on the degradation mechanisms of either the fuel 
cell system or its components under steady or accelerated operational conditions. 
The major failure modes of different components of PEM fuel cells are listed in 
Table 1.2. 
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Table 1.2. Major failure modes of different components in PEM fuel cells 


Component 

Failure modes 

Causes 


Mechanical degradation 

Mechanical stress due to non-unifonn 
press pressure; inadequate 
humidification or penetration of the 
catalyst particles; fluoride loss 

Membrane 

Thennal degradation 

Thermal stress; drying of membrane 


Chemical/electrochemical 

degradation 

Trace metal contamination (foreign 
cations, such as Ca 2+ , Fe 3+ , Cu 2+ , Na + , 

K + , and Mg 2+ ); radical attack (e.g., 
peroxy and hydroperoxy) 


Loss of activation; 

Sintering or dealloying of 
electrocatalyst; 


Conductivity loss; 

Corrosion of electrocatalyst support; 

Catalyst/Catalyst 

layer 

Decrease in mass transport 
rate of reactants; 

Mechanical stress; 

Loss of reformate 
tolerance; 

Contamination; 


Decrease in control of 
water management 

Change in hydrophobicity of materials 
due to Nafion or PTFE dissolution 


Decrease in mass 
transport; 

Degradation of backing material; 

GDL 

Conductivity loss; 

Mechanical stress (e.g., freeze/thaw 
cycle); 


Decrease in control of 
water management 

Corrosion; Change in hydrophobicity 
of materials 

Bipolar plates 

Conductivity loss; 

Fracture/deformation 

Corrosion; Oxidation; 

Mechanical stress 

Sealing gasket 

Mechanical failure 

Corrosion; mechanical stress 


Traditional lifetime data analysis in engineering involves analyzing times-to- 
failure data obtained under normal operating conditions in order to quantify the life 
characteristics of the product, system, or component. For fuel cells, the times-to- 
failure data are always very difficult to obtain due to the prolonged test periods 
necessary and high costs. To reduce the experimental time, different strategies to 
accelerate PEM fuel cell and component degradation have been suggested. 
Generally accelerated test methods for PEM fuel cell lifetime analysis are 
summarized in Table 1.3. 
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Table 1.3. General accelerated test methods in PEM fuel cell lifetime analysis 


Component 

Methods 

Fuel cell/stack 

Open circuit voltage (OCV); dynamic load cycling; thermal cycling; 
reduced/variable humidity; fuel or oxidant contaminates; fuel or 
oxidant starvation 

Membrane 

OCV at reduced humidity for chemical stability; RH cycling for 
mechanical degradation 

Catalyst/catalyst 

layer 

Potential cycles; acid washing; elevated temperature; fuel or oxidant 
contaminates 

GDL 

Chemical oxidation in FLOj; elevated potential; low humidity 

Bipolar plates 

Press-stress; acid treatment; potential cycling; temperature cycling 

Sealing gasket 

Temperature; acid treatment; deformation/press-stress 


As a commercial product, the failure or reliability information of the fuel cell 
under typical operation conditions should be included. Basically, the durability of 
the fuel cell is not defined by a single lifetime test. Lifetimes at variable stresses 
are always statistical distributions. The detailed scheme of a typical statistical 
accelerated lifetime model is illustrated in Figure 1.14 [45, 46]. 

The process starts by collecting data from quantitative accelerated life tests 
followed by selecting an appropriate life distribution. Three different lifetime 
distributions, the 1-parameter exponential, the 2-parameter Weibull, and the 
lognormal distributions, are commonly used in accelerated life test analysis. 
Among them, the 1-parameter exponential is most commonly employed due to its 
simplicity. Then, the lifetime characteristic of the distribution at each stress level is 
estimated using the probability plotting method; this is followed by the selection of 
a life-stress relationship according to variables. The Arrhenius model is often 
utilized when the acceleration variable or stress is thermal, whereas the Eyring 
model and the inverse power law model are suitable for temperature-humidity 
stresses and non-thermal accelerated stresses, respectively. Finally, the real lifetime 
of the component or fuel cell under normal conditions can be predicted by 
extrapolation. 


Select stresses and 
design experiment 


I 


g k> 

Real fuel cell/component 
lifetime 


4 

\ 

Predict by extrapolation J 

I 



Collect data from 
quantitative 
accelerated life tests 

—► 

Select a lifetime 
distribution function 

—► 

Select an accelerated life-stress 
relationship according to variables 


Exponential distribution 

Arrhenius life-stress model: temperature 


Weibull distribution^ 
Lognormal distribution 


Eyring model: temperature-humidity stresses 
Inverse power law model: non-thermal stresses 


Figure 1.14. Principle of statistical accelerated lifetime testing model [42] 
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Based on the statistical model, Hicks [47] successfully predicted 3M MEA 
lifetimes under normal conditions (70 °C cell and 100% RH) from accelerated 
testing conditions. Weibull data distribution and the Arrhenius temperature model 
were employed. The statistical analysis and MEA lifetime prediction shown in 
Figure 1.15(a) were obtained. The load cycle with a near-open circuit voltage 
(OCV) setting was used in the accelerated tests, as shown in Figure 1.15(b). 



Lifetime (hours) 

Figure 1.15(a). Statistical analysis of accelerated test data with MEA lifetime prediction 
done by 3M (Symbols—data points; lines—model fits) [47]. (Reprinted with permission 
from Hicks M. Membrane and catalyst durability under accelerated testing. In: Conference 
proceedings of fuel cell durability: stationary, automotive, portable. ©2005 Knowledge 
Press.) 




Near-OCV Load Cycle 
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Time 


Figure 1.15(b). Near-OCV load cycle profile used in 3M accelerated testing [47]. 
(Reprinted with permission from Hicks M. Membrane and catalyst durability under 
accelerated testing. In: Conference proceedings of fuel cell durability: stationary, 
automotive, portable. ©2005 Knowledge Press.) 
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1.1.4 PEM Fuel Cell Applications 

Since PEM fuel cells can generate power from a fraction of a watt to hundreds of 
kilowatts, they can be used in almost any application, from stationary power to 
vehicles of all sizes down to mobile phones. The application areas of PEM fuel 
cells with a variety of power levels are listed in Table 1.4. 


Table 1.4. Application areas of PEM fuel cells with a variety of power level 


Level of power 

Applications 

> 1 MW 

Local distributed power station 

100kW-l MW 

Large transportation vehicles, such as naval ships, submarines, and 
buses; small portable power station; small stationary power station 

lOkW-lOOkW 

Transportation vehicles such as cars and mid-size buses; backup 
power for mid-size communication station; small power station 

1 kW-lOkW 

Transportation vehicles such as motorcycles, utility vehicles, cars, 
yachts; various portable power devices used for field working, 
underwater platfonn; backup power; uninterruptible power, 
residential power system 

100 W-l kW 

Simple riding devices such as bicycles, scooters, and wheelchairs; 
backpack power; power for exhibition or demo; UPS for small 
services, terminals, and computers 

10W-100 W 

Portable power such as for emergency working power supply and 
military equipment; battery replacements; lighting; signal light power 

<10W 

Small portable power device; cell phone 


Aside from military and space flight use, the less specialized fuel cell 
applications can be categorized into four main groups: transportation, stationary 
power, backup power, and portable power. PEM fuel cells are ideal for all these 
applications due to the availability of various power levels. Applications for 
transportation, such as automobiles, buses, utility vehicles, scooters, and bicycles 
have already been widely demonstrated. Applications for stationary power can be 
at the level of an individual home, a building, or a community, offering tremendous 
flexibility in power supply. Also, fuel cells are attractive as backup power 
generators compared with internal combustion engine generators (due to noise, 
fuel, reliability, and maintenance considerations) or batteries (due to weight, 
lifetime, and maintenance considerations). And small fuel cells as portable power 
generators offer several advantages over conventional batteries [1]. 

1.1.4.1 Transportation 

The development of PEM fuel cell technology and the demonstration of its 
application to transportation vehicles have grown rapidly in the last 15 years. In 
1993, Ballard demonstrated the first PEM fuel cell-powered bus. Then, following 
the announcement of the first fuel cell stack with a power density of 1 kW/1, a 
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Ballard phase 2 bus powered by a 200 kW unit was demonstrated. Later, 
demonstrations and testing of buses and cars powered by PEM fuel cells were like 
a rising wind and scudding clouds. Car producers have played an important role in 
these demonstrations. As air quality regulations grow steadily stricter, car 
manufacturers like Ford and Volkswagen are spending billions annually on the 
development of PEM fuel cell stacks for hybrid and electric cars [48]. 

Aside from buses and cars, there are many other types of transportation 
vehicles being demonstrated. Some transportation applications are shown in Figure 
1.16. 







(c) 


Figure 1.16. Some transportation applications of PEM fuel cells: (a) three-wheeled 
cargobike (image courtesy of Masterflex); (b) fuel cell bicycle (image courtesy of Pearl 
Hydrogen); (c) golf cart (image courtesy of Ohio State University); (d) PEMFC hydrogen 
aircraft (image courtesy of Georgia Institute of Technology); (e) Yamaha FC-AQEL scooter 
(image courtesy of Yamaha); (f) U212 submarine (image courtesy Howaldtswerke-Deutsche 
Werft GmbH). 

An FCV can be powered directly using pure hydrogen as a fuel. Gaseous 
hydrogen is generally stored in high-pressure tanks so that it provides enough fuel 
to power the vehicle with a suitable driving range. Some hydrogen FCVs are 
powered by one electric motor. Others use a separate electric motor for each wheel, 
which together produce enough power to propel FCVs at speeds comparable to 
those of conventional vehicles. 

Some FCVs employ a battery to store electricity produced from the fuel cell 
stack. The stored electricity can be used to help power the electric motor or other 
electrical devices. Some FCVs are designed to use a liquid fuel such as gasoline or 
methanol, which is stored in a conventional, non-pressurized tank. FCVs using 
these fuels need a reformer—a fuel processor that breaks the fuel down into 
hydrogen for the fuel cell, carbon dioxide, and water. Although this process 
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generates carbon dioxide, it produces much less than the amount generated by 
gasoline-powered vehicles [49]. 

1.1.4.2 Stationary> Power 

With the development of PEM fuel cell systems for transportation applications, the 
performance targets and cost objectives set by the car manufacturers define an 
attractive and competitive fuel cell system for stationary applications. Since the 
mid-1980s, PEM development has included stationary power applications, such as 
the GPU and Ballard 250 kW plant at Crane Naval Air Station in Indiana (1991); a 
5 kW PEM unit powering a home in Albany, New York; and 6 PEM Alpha units 
tested by Bonneville Power Administration (2000). 

Stationary power generation applications include not only large-scale utility 
plants but also smaller scale systems, such as those for distributed electricity and 
for heat generation in buildings and individual homes. The PEM fuel cell units for 
mobile applications in the range of 2 to 10 kW can be adapted to smaller stationary 
systems, which had been considered impractical with units in this capacity range. 
Battelle Memorial Institutes (USA) is identifying the most likely markets and the 
economic impacts of the stationary PEM fuel cells in the range of 1 to 250 kW in 
the United States by the year 2015. One likely scenario is that in 2015 PEM fuel 
cells will be limited to commercial and industrial customers in the range of 50 to 
200kW with a market size of less than US$ 5 billion a year [50]. 

Figure 1.17 presents some examples of stationary power generators; Figure 
1.17(a) shows small-scale systems and Figures 1.17(b) to 1.17(e) show large-scale 
utility plants. 



Figure 1.17(a). Small stationary fuel cells: (i) Ballard 1 kW PEM, (ii) Hydrogenics mobile 
25 kW fuelcell. (Images courtesy of Ballard Power Systems (i) and Hydrogenics (ii).) 
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Figure 1.17(c). UTC Fuel Cells PC25 6 x 200 kW. (Image courtesy of UTC Power 
Corporation.) 
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Figure 1.17(d). FuelCell Energy DFC3000™ 2 MW power generator. (Image courtesy of 
FuelCell Energy.) 



Figure 1.17(e). Siemens 220 kW power generator. (Image courtesy of Siemens.) 
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1.1.4.3 Backup Power 

A backup power device provides an instantaneous, uninterruptible power source. 
The term UPS (uninterruptible power supply) is often used to refer to backup 
power. But it may also stand for systems that supply AC power, or systems that 
supply power for no more than 30 to 60 minutes. A more general definition of 
backup power covers all types of power outputs and all backup times. Typical 
applications for backup power include telecommunication systems, information 
technology and computer systems, manufacturing processes, security systems, 
utility substations, and railway applications. 

Availability and reliability are two of the major concerns for backup power 
sources. The realization that the power generation system might be vulnerable to 
interruptions increased the need for backup power sources significantly. For many 
years, valve-regulated lead-acid batteiy systems and engine-generator sets have 
been the dominant sources for backup power. Ultra capacitors, flywheels, and new 
battery technologies later have joined the group of power providers. Most recently, 
backup power equipped with fuel cells has been employed by designing the 
systems to meet the requirements for backup power. 

Normally, backup power will use hydrogen as fuel instead of reformate because 
one of the most important system requirements for backup power is to start 
instantly upon a power outage. In addition, backup power units are required to 
operate only intermittently, meaning that a short system lifetime is needed. The 
operational lifetime requirement for a fuel cell backup power is less than 2,000 
hours. This duty cycle is more achievable with today’s fuel cell technology than 
are those needed for FCVs and stationary power. Thus, backup power may become 
the first commercialized application of PEM fuel cells. 

1.1.4.4 Small Portable Power 

The convergence of voice, data, and multimedia is driving an endless demand for 
more power in cell phones, laptop computers, and other portable devices. PEMFCs 
or DMFCs may someday replace the batteries that power these portable electronic 
devices. PEM fuel cells have several advantages over batteries. The major 
drawbacks of batteries for these applications are limited capacity and slow 
recharging, whereas a fuel cell system can achieve higher power and energy 
capacity. In addition, battery performance deteriorates when the charge level drops, 
whereas fuel cells operate at a constant level as long as fuel is supplied. 

During the past years, portable versions of fuel cells have emerged. The most 
promising miniature fuel cell is the DMFC, which is inexpensive and convenient, 
has a reasonable electrochemical performance, and does not require pressurized 
hydrogen gas. 

In 2000, a portable fuel cell prototype produced 0.24 W and 0.9 V. A fuel cell 
stack made up of eight of these modules can power a cell phone. Toshiba 
developed a prototype fuel cell for a laptop, as shown in Figure 1.18, but as they 
describe the technology is in its infancy. The micro fuel cell on the left is able to 
provide 300 mW of continuous power with 99.5% pure methanol stored in a 10 mL 
tank. The picture on the right illustrates the refueling cartridge and refueling 
process. 
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Figure 1.18. Toshiba fuel cell with refueling cartridge [51], (Images courtesy of Toshiba of 
Canada Limited.) 


1.2 Thermodynamics 

1.2.1 Basic Reactions 

A PEM fuel cell consists of an electrolyte sandwiched between two electrodes. At 
the surfaces of the two electrodes, two electrochemical reactions take place. At the 
anode, over which hydrogen gas passes, occurs the HOR. At the cathode, over 
which oxygen or air passes, occurs the ORR. The two electrode reactions are as 
follows: 

Anode Reaction: 

H 2 —> 2H + + 2e" (1.11) 

corresponding to an anode potential E ° = O.OOF (under standard conditions) 
versus SHE. 

Cathode Reaction: 

l/20 2 + 2H + + 2e —> H 2 0 (1.12) 

corresponding to a cathode potential E® = 1.229 F (under standard conditions) 
versus SHE. Therefore, the overall reaction of the fuel cell is 

H 2 + l/20 2 -> H 2 0 (1.13) 

with the equilibrium standard electromotive force calculated to be 1.229 V. 

1.2.1.1 Oxygen Reduction Reaction 

The ORR is well recognized as sluggish. The slow kinetics constitutes one of the 
major voltage losses due to a high reduction oveipotential in the performance of a 
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PEMFC, and is one of the most limiting factors in the energy conversion efficiency 
of the state-of-the-art PEMFC [52]. Thus, investigation of the ORR remains a 
major focus of PEMFC research [53-56]. 

Generally speaking, the ORR process on Pt catalysts includes several individual 
reactions, as shown in Figure 1.19. Two general processes are the most examined, 
with each process containing a few discrete steps. One is the production of water 
through a four-electron pathway, and the other is production of hydrogen peroxide 
through a two-electron pathway. The desired route for a successful ORR catalyst 
would reduce oxygen molecules to water through the four-electron pathway. 
Incomplete reduction of oxygen to hydrogen peroxide not only leads to low energy 
conversion efficiency, but also produces reactive intermediate that can further 
convert to harmful free radical species. 


ki (+4e') 


diff 

^2 *■ ^2(ads) 


M +2e ') _ k 3 (+2e") 

—- H 2 0 2 ( ac | s ) -»- h 2 o 



Figure 1.19. Oxygen reduction mechanism on noble catalysts [52], (Reprinted from Journal 
of Power Sources, 152(2), Wang Bin, Recent development of non-platinum catalysts for 
oxygen reduction reaction, 1-15, ©2005, with permission from Elsevier.) 


Table 1.5. ORR catalysts 


Noble metals 

Non-noble metal 
electrodes 

Organometallic 

complexes 

Bulk noble 

metals 

Nanoparticulate noble 
metals 

Pt 

Ru [57] 

Cu/Ru [58] 

Au [59, 60] 

Pd/Co [61] 

Titanium dioxide 
nanoparticles on gold 
(Au/Ti0 2 ) [60] 

Palladium nanoparticles 
on gold [62] 

Palladium nanoparticles 
on carbon nanotubes 
[63] 

Silver nanoparticles on 
carbon [64] 

Copper [65] 

Ni [66] 

Ti0 2 on Ti [67] 

Vanadium oxides 
[68] 

WC+Ta [69] 

Lanthanum 
manganite [70] 

Transition metal 
complexes with 
porphyrin ligands 
[71-73] 

Transition metal 
complexes with non¬ 
porphyrin ligands 
[74-78] 
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Minimizing the kinetic voltage loss resulting from the slow ORR on Pt 
catalysts has been studied over the past decades. As Pt is scarcely available even at 
a high price, alternative materials are highly sought after for fuel cell applications. 
To date, noble metal electrodes, non-noble metal electrodes, and organometallic 
complexes have been developed and studied to catalyze the ORR for PEMFCs, as 
listed in Table 1.5. 

1.2.1.2 Hydrogen Oxidation Reaction 

At the anode, hydrogen is stripped of its electrons and becomes protons and 
electrons. For electrochemical reactions, even if a simple one electron reaction is 
not that simple and is always with a reaction mechanism involving several steps. 
The overall reaction rate depends on the slowest elementary reaction, which is 
called the rate determining step. The steps of H 2 oxidation on Pt electrode include 
the following: 


H, + Pt -> Pt-H 2 

(U4) 

Pt-H 2 —► Pt-H ads 

(1.15) 

Pt-H ads —► Pt + H 1 + e 

(1.16) 


Platinum (Pt)-based catalysts are widely used as the anodic electrode material 
for hydrogen oxidation. The HOR on Pt catalysts has a lower oxidation 
overpotential and a higher kinetic rate. The apparent exchange current density of 
the HOR has been calculated to be i’ node = 0. \Acm 1 . which is extremely high 

compared with that of ORR (i° alhode = 6juAcm 2 ), according to the charge transfer 
resistances of the cathode and anode obtained from electrochemical impedance 
spectroscopy (EIS) measurements done by Wagner et al. [79]. This proves the 
extreme fast reaction kinetics of HOR. Table 1.6 presents the exchange current 
densities of the hydrogen evolution reaction at different electrode materials in 
aqueous 1 M H 2 SO 4 solution at ambient temperature [80]. 

Unfortunately, for many practical applications, the presence of a trace level 
(parts per million (ppm)) of carbon monoxide (CO) in the hydrogen-rich gas 
mixture produced by the reforming of other fuels is inevitable. CO can strongly 
adsorb on the Pt catalyst in the anode. The adsorbed CO, even mere traces (10 
ppm), blocks the catalytically active area, thereby significantly decreasing its 
reactivity and causing so-called “CO poisoning.” Due to this, an excellent anode 
catalyst in PEM fuel cells has to show not only high catalytic activity toward 
hydrogen oxidation, but also enhanced activity in the presence of CO. The search 
for CO-tolerant catalysts has been a challenging task in the successful development 
of more efficient PEMFC systems [81]. 

Electrocatalysts based on Pt and oxophilic elements, such as ruthenium (Ru), 
tin (Sn), molybdenum (Mo), and tungsten (W), have shown significant 
improvement in CO tolerance compared to pure Pt. Two mechanisms have been 
proposed for explaining the enhanced CO tolerance of these materials, a 
bifunctional mechanism, through which the poisoning effect is reduced by the 
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occurrence of a surface reaction between Pt-adsorbed CO and oxygenated species 
produced at oxophilic neighbor sites, and an electronic effect, which is associated 
with an energy shift of the Pt electronic states caused by the second element and 
results in a weakening of the Pt-CO interactions [81]. 

Table 1.6. Exchange current densities of the hydrogen evolution reaction at different 
electrode materials in aqueous 1 M H 2 SO 4 solution at ambient temperature [80], (Reprinted 
from Wendt H, Spinace EV, Oliveira Neto A, Linardi M. Electrocatalysis and 
electrocatalysts for low temperature fuel cells: fundamentals, state of the art, research and 
development. Qulm Nova 2005;28:1066-75. With permission from Sociadade Brasileira de 
Qulmica.) 


Metal 

i° / Acm 2 

Palladium, Pd 

1.0 x 1 (T 3 

Platinum, Pt 

8.0 x 10 ^ 

Rhodium, Rh 

2.5 x 10 -4 

Iridium, Ir 

2.0 x lO ^ 4 

Nickel, Ni 

7.0 x 10 “ 6 

Gold, Au 

4.0 x 10 “ 6 

Tungsten, W 

1.3 x 10 " 6 

Niobium, Nb 

1.5 x 10 " 7 

Titanium, Ti 

7.0 x 10 “ 8 

Cadmium, Cd 

1.5 x 10 " 11 

Manganese, Mn 

1.3 x 10“ n 

Thallium, Tl 

1.0 x 10 ~ H 

Lead, Pb 

1.0 x 10 42 

Mercury, Hg 

0.5 x 10 ~ 13 


PtRu, the current choice for HOR catalysts, exhibits excellent CO tolerance, 
which could be ascribed to a decrease in CO binding energy on Pt due to electronic 
substrate effects and to the oxidation of chemisorbed carbon monoxide being 
catalyzed at low potentials by the activation of H 2 0 [82]. Ternary Pt-based 
catalysts have also been investigated in which a third oxophilic component such as 
Sn, Ir, Rh, Os, Mo, W, W0 3 , or Re is added to promote CO oxidation at lower 
potentials [83]. 

1.2.1.3 Methanol/Ethanol/Formic Acid Oxidation 

In recent years, interest in the development of direct liquid fuel cell (DLFC) has 
increased considerably due to its advantages: easy handling and storing of the 
liquid fuel, no need for reforming, and favorable power capability for the use 
portable electronics powered by miniature fuel cells. Most investigators are 
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exploring DMFCs [84, 85] for this puipose, while some are focused on DEFCs and 
DFAFCs [86-90], 

Besides methanol, ethanol, and formic acid, other liquid chemicals have also 
been investigated as fuels for different DLFCs, such as 2-propanol, dimethyl ether, 
ethylene glycol, dimethoxymethane, trimethoxymethane, tetramethyl 
orthocarbonate, and hydrazine [91]. 

Simple organic compounds, such as methanol, ethanol, and formic acid, have 
several advantages with regard to their use as fuels. They are easy to store and 
handle. They possess a high energy density in the order of 1 kWh/kg, and they can 
be readily generated from biomass. Last but not least, due to their simple structures 
they should have the simplest and most straightforward reaction mechanisms of all 
the possible organic fuels [92]. Although more complex organic fuels are of 
academic interest, they probably are more expensive and have more complicated 
reaction mechanisms due to the fact that a molecule possesses several carbon 
atoms. 

Strategies for the development of novel catalytic materials and the design of 
highly active catalysts for DLFC applications largely depend on a detailed 
understanding of the reaction mechanism and, in particular, of the rate-limiting 
step(s) during the electrooxidation under continuous reaction conditions. The most 
commonly used technique in the electrochemical studies of fuel cell reaction 
mechanisms has been voltammetry, chronoamperometry (chronopotentiometry), in 
situ spectroscopic techniques, e.g., electrochemically modulated infrared 
spectroscopy (EMIRS) and infrared reflection-absorption spectroscopy (IRRAS), 
differential electrochemical mass spectroscopy (DEMS) and ex-situ techniques, 
e.g., X-ray photoelectron spectroscopy (XPS) [92]. 

Methanol Oxidation 

The oxidation of methanol has been thoroughly studied for many years and the 
mechanism is now well established. The overall oxidation reaction involves six 
electrons and one water molecule, 

CH 3 OH +H 2 0 -» C0 2 + 6 Haq + + 6 e (1.17) 

corresponding to an anode potential E a a = 0.01 6V (under standard conditions) 
versus SHE, resulting in the equilibrium standard electromotive force of 1.213 V 
for a DMFC. The overall reaction of the cell is 

CH 3 OH+ 1.50 2 -+C0 2 + 2H 2 0 (1.18) 

As Pt is the best anode for hydrogen oxidation, numerous studies deal with the 
direct oxidation of methanol on Pt in acid media, as well as in alkaline media [93]. 
It is reported that the dissociative adsoiption of methanol on Pt-based catalysts 
occurs via the formation of irreversibly adsorbed CO species (a reaction 
intermediate), either linearly bonded or bridge bonded to the Pt surface [94]; the 
CO species acts as a poison to the catalytic surface, rapidly lowering its activity. 
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The coverage degree by linearly bonded CO can reach 90% on a pure Pt electrode, 
so that most of the active sites are blocked. 

Since the oxidation of methanol to CO includes six electrons, the reaction 
process must involve several steps with several products or intermediates. The 
results from mass spectral measurements, high performance liquid chromatography 
(HPLC), and gas chromatography (GC) absorbance have showed that H&O, 
HCOOH, HCOOCH, and CO z were all produced during the oxidation of methanol 
on Pt in acid solutions. These species were formed initially but eventually became 
CO [92]. In addition, some other adsorbed species such as (CHO) a d S or (COOH) ads 
were identified by infrared reflectance spectroscopy or Fourier transform infrared 
reflectance spectroscopy. The detailed reaction mechanism of methanol oxidation 
on a Pt electrode is shown in Figure 1.20 [94]. 



Figure 1.20. Detailed reaction mechanism of methanol oxidation on a Pt electrode [94], 
(Reprinted from Journal of Power Sources, 105(2), Lamy C, Lima A, LeRhun V, Delime F, 
Coutanceau C, Leger J-M, Recent advances in the development of direct alcohol fuel cells 
(DAFC), 283-96, ©2002, with permission from Elsevier.) 

In this mechanism, the adsorbed species (CHO) a d S plays a key role. Therefore, 
the strategy to develop efficient electrocatalysts is to favor this adsorbed species 
and to avoid the subsequent formation of adsorbed CO, either to prevent its 
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formation by blocking neighbouring Pt sites, to oxidize it at lower potentials, or to 
remove it [94]. 

To overcome CO deactivation, alloys of Pt with more oxophilic elements have 
been investigated as methanol electrooxidation catalysts. PtRu bifunctional 
catalysts are presently the most active for methanol oxidation. It is believed that Ru 
serves the role of removing CO a< j s as C0 2 [93]: 

Ru-OH + Pt-CO ->• Ru + Pt + C0 2 +H + + e' (1.19) 

Its role is thought to be a combination of two effects: (1) a bifunctional 
mechanism in which a partially oxidized Ru surface supplies the oxygenated 
species necessary for complete oxidation to C0 2 of the methanol adsorption 
residue, and (2) the ligand effect, in which the presence of Ru atoms close to Pt 
changes the electronic structure of Pt, allowing the weakening of the Pt-CO bond 
[95], 

Studies of the temperature dependence of methanol oxidation indicate apparent 
activation energies of 41 to 56 kJ/mol [96] and 55 kJ/mol [97], which suggests that 
the methanol adsoiption is rate determining because these values are comparable to 
the adsorption energies [96]. 

Ethanol Oxidation 

Since ethanol is the major renewable bio-fuel and is less toxic than other alcohols, 
it is a promising alternative liquid fuel for directly fuelled DLFC systems. A 
schematic of a DEFC is shown in Figure 1.21. 
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Figure 1.21. Schematic of a DEFC 95. (Reprinted from Journal of Power Sources, 105(2), 
Lamy Claude, Lima Alexandre, LeRhun Veronique, Delime Fabien, Coutanceau Christophe 
and Leger Jean-Michel, Recent advances in the development of direct alcohol fuel cells 
(DAFC), 283-96, ©2002, with permission from Elsevier.) 
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The electrode reactions of a DEFC are expressed as follows [98]: 

Anode reaction: 

CH 3 CH 2 OH + 3H 2 0 -► 2C0 2 +12H + +12e" (1.20) 

corresponding to an anode potential E° = 0.084F versus SHE as calculated from 
thermodynamic data [94]. 

Cathode reaction: 

30 2 +12H + +12e~—> 6H 2 0 (1.21) 

corresponding to a cathode potential E° = 1 ,229V versus SHE. 

Overall reaction: 

CH 3 CH 2 OH + 30 2 ->• 2C0 2 +3H 2 0 (1.22) 

Therefore, the equilibrium standard electromotive force can be calculated to be 
1.145 V. 

As the complete electrooxidation of ethanol in an acid medium yields two 
molecules of C0 2 and 12 electrons per ethanol molecule and involves the cleavage 
of the C-C bond, which requires rather high activation energy, the anodic ethanol 
electrooxidation on Pt is very sluggish, especially at low temperatures [99]. 
Despite significant efforts and numerous studies, the mechanism of the ethanol 
electrooxidation reaction still remains unclear; some studies are even contradictory. 
Nevertheless, electrooxidation of ethanol often does not proceed to completion, 
yielding adsorbed intermediates such as acetaldehyde [ 100 , 101 ]: 

CH 3 CH 2 OH -+ CH 3 CHO + 2H + + 2e“ (1.23) 

Much of the effort on the electrooxidation of ethanol has been devoted mainly 
to identifying the adsorbed intermediates on the electrode and elucidating the 
reaction mechanism by means of various techniques, as differential 
electrochemical mass spectrometry, in situ Fourier transform infrared 
spectroscopy, and electrochemical thermal desoiption mass spectroscopy. The 
established major products include C0 2 , acetaldehyde, and acetic acid, and it has 
been reported that methane and ethane have also been detected. Surface-adsorbed 
CO is still identified as the leading intermediate in ethanol electrooxidation, as it is 
in the methanol electrooxidation. Other surface intermediates include various Ci 
and C 2 compounds such as ethoxy and acetyl [102]. There is general agreement 
that ethanol electrooxidation proceeds via a complex multi-step mechanism, which 
involves a number of adsorbed intermediates and also leads to different by¬ 
products for incomplete ethanol oxidation, as shown in Figure 1.22. 
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Figure 1.22. A probable reaction pathway for the electrooxidation of ethanol [103], 
(Reproduced by permission of ECS—The Electrochemical Society, from Oliveira Neto A, 
Giz MJ, Perez J, Ticianelli EA, Gonzalez ER. The electrooxidation of ethanol on Pt-Ru and 
Pt-Mo particles supported on high-surface-area carbon.) 

Total oxidation: 

CH 3 CH 2 OH -> CH 3 CH 2 OHad -> Qad, C 2 ad C0 2 (1.24) 

Partial oxidation: 

CH 3 CH 2 OH CH 3 CH 2 OHad -► CH 3 CHO -► CH 3 COOH 105 (1.25) 

C0 2 is the most common product. Other products and by-products such as 
acetaldehyde and acetic acid will inevitably decrease the fuel efficiency. The 
electrooxidative removal of CO-like intermediates and the cleavage of the C-C 
bond are the two main obstacles and rate determining steps. It is clear that ethanol 
electrooxidation involves more intermediates and products than that of methanol, 
and thus more active electrocatalysts are needed to promote ethanol 
electrooxidation at lower temperatures [102], Although there are some similarities 
in the oxidation of low molecular weight alcohols on Pt (e.g., CO is produced as 
intermediate), the best catalyst is not the same for all situations. Contrary to what 
was found for the oxidation of methanol, the more effective catalyst for the 
oxidation of ethanol is not necessarily a Pt-Ru alloy [104], 

The presence of both poisoning species and intermediate reaction products 
requires the development of new electrocatalysts able to break the C-C bond and to 
oxidize adsorbed CO at low temperatures [94]. Numerous studies have been 
carried out to develop more active electrocatalysts for ethanol electrooxidation. 
Besides Pt, other metals such as gold, rhodium, and palladium have been 
investigated as anode catalysts for ethanol electrooxidation and show certain 
activities [105]. On gold in an acid medium, the oxidation reaction leads mainly to 
the formation of acetaldehyde [94]. The oxidation of ethanol on rhodium proceeds 
mainly through the formation of acetic acid and CO. 

Rousseau et al. [106] and Song et al. [107] investigated Pt-based catalysts for 
ethanol electrooxidation. Zhou et al. [102, 105] studied bi- and tri-metallic Pt- 
based catalysts with the addition of Ru, Pd, Sn and H. Wang et al. [108] developed 
ethanol electrooxidation catalysts on carbon-supported Pt, PtRu and Pt 3 Sn. Colmati 
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et al. [104] also studied carbon-supported PtSn electrocatalysts. CuNi alloy- 
supported electrocatalysts has been investigated by Gupta et al. [93, 109], Lux and 
Cairns [100, 101] developed lanthanide-platinum intermetallic compounds for 
ethanol oxidation. 

Formic Acid Oxidation 

As formic acid is nontoxic and has two orders of magnitude less crossover through 
a Nafion membrane than methanol [110], DFAFCs have been attracting increasing 
attention [88]. 

The electrooxidation of formic acid itself has been intensively investigated. The 
overall oxidation reaction of formic acid is 

HCOOH C0 2 + 2H + + 2e- (1.26) 

corresponding to an anode potential E° =-0.17IF (under standard conditions) 
versus SFIE. Therefore, the equilibrium standard electromotive force of the overall 
cell reaction, 

HCOOH + 1/2 0 2 C0 2 + H 2 0 (1.27) 

is calculated to be 1.400 V for a DFAFC [91]. 

In most cases, formic acid oxidation has been studied at Pt or modified Pt 
surfaces [111, 112]. Pt-Pd [113] and Pt-Ru [114] have also been studied. A variety 
of other catalyst investigations have been carried out, including palladium (Pd-C 
[115], Pd-P [116], Pd-M, where M is a base transition metal (M = Ti, Zr, Hf, V, 
Nb, Ta, Cr, Mo, W, or Au)), rhodium, iridium, and gold [117]. 

The oxidation of formic acid is not straightforward, although there is general 
agreement concerning the mechanism of formic acid electrooxidation on a Pt 
surface. The reaction is thought to branch into two pathways. In the first, formic 


acid is oxidized directly and relatively rapidly to C0 2 via a weakly bound reactive 
intermediate [113, 114, 118]: 

HCOOH + Pt —> X —> C0 2 + 2H + + 2e" (1.28) 

In the second pathway, formic acid is indirectly oxidized to C0 2 relatively 
slowly through a strongly bound, poisoning CO intermediate: 

HCOOH + Pt -> Pt-CO + H 2 0 (1.29) 

Pt + H 2 0 -> Pt-OH + H + + e _ (1.30) 

Pt-CO + Pt-OH 2Pt + C0 2 + 2H + +2e" (1.31) 


The poisoning CO intermediate limits the activity of pure Pt toward formic acid 
oxidation by blocking the reaction sites. It is reported that Pt/Ru can activate water 
on the Ru atoms to create the added reaction pathway [114]. 
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Ru + H 2 0 —> Ru-OH + H + + e _ (1.32) 

Pt-CO + Ru-OH -A- Pt + Ru + C0 2 + H + + e (1.33) 

Since Ru forms surface hydroxides readily at lower potentials (0.3 V) than Pt 
(0.6 V), Reaction 1.33 occurs more swiftly than Reaction 1.31, which provides a 
faster pathway for CO oxidation and improves activity toward oxidation of formic 
acid [114], 

1.2.2 Heat of Reaction 

1.2.2.1 Enthalpy of Reaction 

For a hydrogen fuel cell, the overall reaction (Equation 1.13) is the same as the 
reaction of hydrogen combustion, which is an exothermic process. 

H 2 + l/20 2 -> H 2 0 + Heat (1.34) 

The heat or enthalpy of a chemical reaction is the difference between the heats 
of formation of products and reactants. For the above equation, the heat or enthalpy 
is 


AH = (h f ) Hi0 -(h f ) Hj -l/2(h f ) 0i (1.35) 

The heat of formation of liquid water is -286 kJ/mol at 25 °C and heat of 
formation of elements is by definition equal to zero. Therefore, 

AH = -286kJ / mol - 0 — 0 = -286kJ / mol (1.36) 

The negative sign of the enthalpy means that this is an exothermic reaction. The 
fuel cell reaction can now be written as 

H 2 + l/20 2 -> H 2 0(1) + 286 kJ/mol (1.37) 

This equation is valid at 25 °C only, meaning that both the reactant gases and 
the product water are at 25 °C. At 25 °C and atmospheric pressure water is in 
liquid form [1], 

The enthalpy of the hydrogen combustion reaction is also called the hydrogen’s 
heating value. The value 286 kJ/mol is known as hydrogen’s higher heating value 
(HHV), which means that 1 mol of hydrogen is fully combusted with Vi mol of 
oxygen and cooled down to 25 °C. If hydrogen is combusted with sufficient excess 
oxygen and cooled down to 25 °C, the value will become 242 kJ/mol, which is 
known as hydrogen’s lower heating value (LHV) [1], 
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1.2.2.2 Gibbs Free Energy 

The change in Gibbs free energy (AG f ) of a reaction is the difference between the 

Gibbs free energy of the product and the Gibbs free energy of the reactants. For the 
hydrogen/oxygen fuel cell reaction (Equation 1.13), the change in Gibbs free 
energy is 

A Gy = Gf products - Gj- reac tanB = G f H ^ 0 - G fHi - G f02 (1.38) 

The change in Gibbs free energy varies with both temperature and pressure. 


A Gy = AG° f -RT In 


Ph 2 Po? 

Ph 2 o 


(1.39) 


where A G° f is the change in Gibbs free energy at standard pressure, which varies 
with the temperature T of the fuel cell, in Kelvin. p H , p () , and p H O are the 
partial pressure of the hydrogen, oxygen, and vapor, respectively. R is the 
universal gas constant (8.314 J /(kg-K)). The fact that the value of AG” is 
negative means that the energy is released from the reaction [119]. 

1.2.2.3 Reversible Fuel Cell Potential 

If the fuel cell is reversible, which means that all the Gibbs free energy would be 
converted to electrical energy, the voltage of the fuel cell is related to the change of 
Gibbs free energy of the reaction by the following equation, 

A G f =-nFE (1.40) 

where F is Faraday constant (96485 coulombs) and E is the voltage of the fuel cell. 
The number n in the equation is the number of electrons. In the case of a hydrogen 
fuel cell, for each mole of hydrogen two moles of electrons pass around the 
external circuit ( n = 2 ). So the physical meaning of 2 FE is the electrical work 
(charge x voltage). E is called the reversible fuel cell potential, also known as the 
thermodynamic potential. 

1.2.3 Effect of Operation Conditions on Reversible Fuel Cell Potential 

1.2.3.1 Temperature Dependence of the Reversible Fuel Cell Potential 
The reversible voltage of the fuel cell, also known as Nernst voltage, can be 
expressed using the Nernst equation, 

- AG f -AG) RT \p H ,p l d 2 2 

2F 2F 2F y p Hi0 


(1.41) 
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-A G° f 

At standard state (25 °C and 1 atm), the value of the term -— is 

2 F 


E _ ~ AG° _ 237,2001/mol _ 1229y 
2F 2 x 96485As/ mol 


(1.42) 


Therefore, the reversible (theoretical) hydrogen/oxygen fuel cell potential is 
1.229 V at standard state (25 °C and 1 atm). This value varies with temperature. 


-AG? 

2F 


= 1.229+ (T-T°) 


( 


V 


AS 


o A 


2F 


(1.43) 


where T° is the standard-state temperature, which is 298.15 K, and AS 0 is the 
entropy change. The entropy change of a given reaction is approximately constant 
and can be set to the standard value, as follows [119]: 

- AG° 

- f - = 1.229 - 0.85 x 10~ 3 (T - 298.15) (1.44) 

IF 

The calculated change in the Gibbs free energy of the fuel cell reaction, AG? , 

and the reversible fuel cell voltage (reversible OCV) at standard pressure are given 
in Table 1.7. The reversible fuel cell potential at different temperatures and 
standard pressure is also depicted in Figure 1.23. 

Table 1.7. Change in Gibbs free energy, reversible cell voltage, and efficiency limit (HHV 
basis) of hydrogen fuel cell reaction at different temperatures [26], (From Larminie J, Dicks 
A. Fuel cell systems explained. ©2003 John Wiley & Sons Limited. Reproduced with 
permission.) 


Form of Water 
Product 

Temperature (°C) 

AG? 

(kJ/mol) 

Reversible cell 
voltage (V) 

Theoretical 
Efficiency (%) 

Liquid 

25 

-237.2 

1.23 

83 

Liquid 

80 

-228.2 

1.18 

80 

Gas 

100 

-225.2 

1.17 

79 

Gas 

200 

-220.4 

1.14 

77 

Gas 

400 

-210.3 

1.09 

74 

Gas 

600 

-199.6 

1.04 

70 

Gas 

800 

-188.6 

0.98 

66 

Gas 

1000 

-177.4 

0.92 

62 
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Figure 1.23. Reversible OCV at different temperatures and standard pressure 

1.2.3.2 Pressure Dependence of the Reversible Fuel Cell Potential 

The reversible cell potential or Nernst voltage of a hydrogen fuel cell is yielded 

according to Equation 1.41 and 1.44, 

E Nems , =1.229-0.85xl0- 3 (r-298.15) + 4.3085xl0~ 5 r[ln(p ff2 ) + l/21n(p o J] 

(1.45) 

where T is expressed in Kelvin, and , and p () are expressed in atm. It can be 

seen in Equation 1.45 that both the temperature and the pressure will affect the 
reversible cell potential [119]. 

1.2.4 Open Circuit Voltage 

1.2.4.1 Theoretical OCV 

As described in Section 1.2.3.2, the reversible cell potential or Nernst voltage of a 
hydrogen fuel cell can be expressed as Equation 1.45. This value is what we call 
the theoretical OCV, and it is affected by both the temperature and the pressure. 

A theoretical fuel cell OCV, E °^' or , can be written as 

E?,Z=K-E' a (1.46) 

where E' c and E r a can be expressed in the Nernst form shown in Equation 1.47 and 
1.48, respectively: 
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For cathode reaction: O? + 4H + 4e" 2H?0 


k= e :+^<p 0 i [h + V) 

4 F 


For anode reaction: H 2 <-> 2H + 2e" 


, RT,JH + ] 2 


K =K+ -ln(--—) 

2 F P„ 


(1.47) 


(1.48) 


In Equations 1.47 and 1.48, E° and E° are the standard cathode and anode 

potentials, respectively. E° is a temperature-dependent constant (= 1.229-0.00085 

x (T-298.15) [120]). E° is zero at any temperature. P 0 and P ;/ are the partial 

pressures (atm) of 0 2 and H 2 , respectively, and \ff \ is the molar concentration of 
protons (mol/L). A theoretical OCV can be calculated by deriving Equations 1.47 
and 1.48 to yield Equation 1.49, which can be further derived to yield Equation 
1.45: 


E°Z = 1.229-0.00085(7’-298.15)+ ——ln[P 0 (P w ) 2 ] (1.49) 

4 F 

= 1.229 - 0.85 x 10“ 3 (T - 298.15) + 4.3085 x 10~ 5 T[\n(p Hi ) +1 / 2 In (p 0i )] 

The theoretical OCV has the same value as the reversible cell potential. 
However, even when no current is drawn from a fuel cell, there is irreversible 
voltage loss, which means that the actual values of the OCV are always lower than 
the theoretically expected values. To date, a quantitative explanation for such OCV 
behavior has not been clear in the literature. One explanation attributes this 
behavior to H 2 crossover and/or internal current, as described in the fuel cell book 
written by Larminie and Dicks [26]. A mixed potential [121-124] has also been 
widely used to interpret the lower OCV. The combined effects of fuel crossover, 
internal short, and parasitic oxidation reactions occurring at the cathode are the 
source of the difference between the measured open circuit cell voltage and the 
theoretical cell potential. Therefore, the actual OCV is expressed as 

E OCV =KZ-E cross -E mix (1.50) 


1.2.4.2 Mixed Potential 

In general, the mixed potential is composed of both the cathodic 0 2 /H 2 0 reaction 
potential 


0 2 + 4H + + 4e" «-> 2H 2 0 ( E° = 1.229 V vs. SHE) 


(1.51) 
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and the Pt/PtO anodic reaction potential 

Pt + H 2 0 ^PtO + 2H + + 2e ( E° PtlPt0 = 0.88 V vs. SHE) (1.52) 

The local electrochemical reaction on the Pt surface creates a Pt-0 surface 
coverage of 30%, and the remaining 70% remains as pure Pt. At steady-state mixed 
potential, a complete layer of Pt-0 can never be achieved in order to keep the 
reaction of Pt to Pt-0 continued due to the diffusion of Pt-0 into the bulk metal. 
The reported mixed cathode potential is around 1.06 V (vs. SHE) at standard 
conditions (25 °C, 1 atm) with an 0 2 partial pressure dependence of 15 mV atnf 1 
[124, 125]. 

1.2.4.3 Fuel Crossover 

Another OCV loss is caused by the crossover of fuel through the electrolyte. 
Ideally the electrolyte allows the transport of only ions. In reality, however, some 
fuel permeates across the membrane from the anode to the cathode. In addition, 
some direct transfer of electrons across the membranes can occur and cause 
electronic short. A fuel loss due to crossover leads to a current loss. The current 
loss associated with an electrical short is generally small (ca. few milli-amperes) 
relative to the typical operating current of a fuel cell, and therefore is not a 
significant source of current inefficiency. However, these effects have a significant 
effect on the OCV of the cell. This is particularly true of a low-temperature cell, in 
which activation losses are considerable [126]. 

Fuel that has crossed over can react with 0 2 to produce a corresponding 
cathodic current density in the same order of magnitude, resulting in a depression 
of the cathode potential. It is believed that the H 2 that has crossed over can form a 
local half-cell electrochemical reaction on the cathode, such as H 2 <-> 2H + 2e", 
resulting in a mixed cathode potential, in a way similar to that of the half-cell 
reaction (Pt + H 2 0 <-> PtO + 2H + + 2e"). 

H 2 Crossover 

For a hydrogen fuel cell, H 2 crossover can be measured by linear sweep 
voltammetry or chronocoulometry. The linear sweep voltammetry procedure is 
similar to the cyclic voltammetry (CV) technique, with the principal difference 
being the irreversible scan. Humidified H? and N 2 are supplied to the anode and 
cathode sides of the fuel cell, respectively. The scan potential ranges from 0 to 0.8 
V, with higher voltages being avoided to prevent Pt oxidation [127]. The 
experimental procedure involves controlling the potential of the fuel cell cathode 
(working electrode) and monitoring any electrochemical activity that occurs in the 
form of a current. Since N 2 gas is the only substance introduced into the cathode 
side, any current generated in the given potential range is attributed solely to the 
electrochemical oxidation of H 2 gas that crosses over from the anode side through 
the membrane. The crossover current typically increases with the scan potential 
and rapidly reaches a limiting value when the potential grows to around 300 mV 
[128]. At this value all crossover H 2 is instantaneously oxidized due to the high 
overpotential applied. Based on the limiting current, one can, ultimately, calculate 



PEM Fuel Cell Fundamentals 47 


the flux of FF gas using Faraday’s law. Using this diagnostic method, Song et al. 
[129] determined the hydrogen crossover rate through a Nafion 112 membrane at 
elevated temperatures up to 120 °C. A sample of a linear sweep voltammogram for 
different types of MEAs is presented in Figure 1.24 [127]. 



Figure 1.24. Sample of a linear sweep voltammogram on MEAs containing Nafion/PTA 
membranes of Types I—III (25% PTA loading). Scan rate 4 mV/s; room temperature; 
ambient pressure operation; 200 cm 3 H 2 on anode; 200 cm 3 N 2 on cathode [127]. (Reprinted 
from Journal of Membrane Science, 232, Ramani V, Kunz HR, Fenton JM, Investigation of 
Nafion®/HPA composite membranes for high temperature/low relative humidity PEMFC 
operation, 31-44 ©2004 with permission from Elsevier.) 

Another method for measuring FI 2 crossover through the membrane is 
chronocoulometry [130, 131]. The fuel cell is operated with hydrogen at the anode 
and nitrogen at the cathode. A certain potential, such as 0.5 V, is applied to the 
cathode side of the cell, which serves as the working electrode, instead of a 
potential scan. Flydrogen crossing over the membrane from the reverse electrode is 
oxidized completely at this potential. The electrical charge passing through this 
electrode is recorded as a function of time. By measuring the coulombs evolved by 
the oxidation, the FF crossover rate can be calculated as a mass transfer limited 
current. 

Methanol Crossover 

Fuel crossover occurs to some degree in all low-temperature fuel cells, particularly 
in DMFCs. For a DMFC, methanol crossover not only results in additional fuel 
consumption, but also reduces the cell voltage by the effect of mixed potential, and 









48 X-Z. Yuan and H. Wang 


the potential of the oxygen cathode is strongly influenced by the crossover of 
methanol through the membrane. 

The most conventional method to determine methanol crossover in a DMFC is 
to monitor the C0 2 content in the cathode exhaust gas flux by using an optical 
infrared sensor, by gas chromatographic analysis, or by mass spectrometry [132]. 
However, these measurements are based on the assumptions that the crossed over 
methanol at the cathode is completely oxidized and that there is no C0 2 permeation 
from the anode to the cathode. In reality, in particular for operation at high current 
density, a large amount of C0 2 permeates from the anode to the cathode in the 
DMFC. So far, no reliable method is available to measure the methanol crossover 
through the membrane from the anode to the cathode at the operating status. 

Nevertheless, efforts have been made to determine the C0 2 crossover. One 
method is to determine the C0 2 flux using half-cell measurements. At the anode, 
C0 2 is produced and passes together with methanol through the membrane to the 
cathode. At the cathode, nitrogen gas is flushed. The C0 2 flux through the 
membrane is determined because methanol is not oxidized at the cathode. Another 
method utilizes methanol-tolerant catalysts at the cathode in order not to oxidize 
the permeating methanol. The amount of C0 2 permeated to the cathode can be 
calculated from the missing C0 2 fraction in the anode exhaust by using a method 
of gravimetric determination of BaCCb [133]. 

1.2.5 Fuel Cell Efficiency 

1.2.5.1 Carnot Efficiency 

The efficiency of any energy conversion device is defined as the ratio between 
useful energy output and energy input. The efficiency limit for heat engines, such 
as steam and gas turbines, is known as the Carnot limit. If the maximum 
temperature of the heat engine is T), and the heated fluid is released at temperature 
T 2 . which is never likely to be smaller than room temperature (about 290 K), then 
the Carnot limit of the efficiency can be calculated by 

T -T 

Carnot limit = 1 ^ 2 , (1-53) 


where both the temperatures are in Kelvin. For a steam turbine operating at 400 °C 
(673 K) with water exhausted through a condenser at 50 °C (323 K), the Carnot 
efficiency limit is 


673-323 

673 


= 52% 


(1.54) 


Basically, there must be some heat energy, proportional to the lower 
temperature 71 that is always thrown away or wasted. Thus, the practical efficiency 
is always lower than the efficiency limit. 
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1.2.5.2 Theoretical Fuel Cell Efficiency 

For a fuel cell, the useful energy output is the electrical energy produced, and 
energy input is the enthalpy of hydrogen. Assuming that all of the Gibbs free 
energy can be converted into electrical energy, the maximum possible (theoretical) 
efficiency of a fuel cell at 25 °C by using the hydrogen HHV is 


V = 


AG f 
A H° 


237. lfc/ / mol 
286fc7 / mol 


= 83% 


(1.55) 


If both AG and AH are divided by nF, the fuel cell efficiency may be 
expressed as a ratio of two potentials: 

-AG° 

q = — f - = nF - = — - 83% (25°C, 1 atm) (1.56) 

AH 0 -AH 0 1.48 

nF 

where 1.23 V is the theoretical cell potential, and 1.48 is the potential 
corresponding to hydrogen’s HHV. or the thermoneutral potential. 

The theoretical efficiency is sometimes also known as the thermodynamic 
efficiency or the maximum efficiency limit. The theoretical efficiency at different 
temperatures and standard pressure is shown in Figure 1.25. The data are also 
given in Table 1.7. It is clear that there is a connection between the reversible OCV 
of a cell and its theoretical efficiency (or maximum efficiency) based on the above 
equation. 



Figure 1.25. Theoretical FE fuel cell efficiency at standard pressure based on HHV [26], 
(From Larminie J, Dicks A. Fuel cell systems explained. ©2003 John Wiley & Sons 
Limited. Reproduced with permission.) 
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1.2.5.3 Energy Conversion Efficiency for Fuel Cells 

The actual efficiency of the cell is defined as the actual voltage divided by the 
thermoneutral potential, that is, 


Cell efficiency 


—100% (based on HHV) 
1.48 


(1.57) 


If using the LHV, then 


Cell efficiency = ^ x 100% (1.58) 

In practice, a fuel cell is normally operated under conditions such that not all 
the fuel that is fed to the cell is consumed. Some fuel has to pass through 
unreacted. Therefore, there is another parameter that needs to be taken into account 
to calculate the cell efficiency, the fuel utilization coefficient, which is defined as 

fu f = mass of fuel reacted in cell (1-59) 

mass of fuel input to cell 

Thus, the fuel cell efficiency is expressed as [26]: 

Cell efficiency = ^ ^-x 100% (HHV) (1.60) 

and 

Cell efficiency = n f x 100% (LHV) (1.61) 


1.2.6 Summary 

A comparison of the reactions, cell potentials, energy densities, theoretical 
efficiency, and other selected properties for PEM fuel cells with different fuels is 
summarized in Table 1.8. 
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Table 1.8. Comparison of selected properties for PEM fuel cells with different fuels under 
standard condition (25°C, 1 atm) [91]. (Reprinted from Journal of Power Sources, 154(1), 
Qian W, Wilkinson DP, Shell J, Wang H, Zhang J, Architecture for portable direct liquid 
fuel cells, 202-13, ©2006, with permission from Elsevier.) 
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1.3 Reaction Kinetics 

1.3.1 Electrode Reactions 

A fuel cell is an electrochemical energy converter. Its operation is based on the 
following electrochemical reactions occurring simultaneously on the anode and the 
cathode [ 1 ]: 

Anode Reaction: 

H 2 —» 2H + + 2e" (1.62) 

At the anode, hydrogen is stripped of its electrons and become protons and 
electrons. 

Cathode Reaction: 

l/20 2 + 2H + + 2e" —> H 2 0 (1.63) 

At the cathode, oxygen is oxidized, meaning that it takes the electrons and 
forms water. As described in Section 1.2, the HOR on Pt catalysts has a lower 
oxidation overpotential and a higher kinetic rate, whereas the ORR is sluggish, 
involving sequential and parallel steps. 

1.3.2 Reaction Rate 

More commonly, we use the following reaction to represent the anode and cathode 
reactions above. 


O x + ne—> Rj (1.64) 

where Ox stands for the oxidized form of the reactant and Rd stands for the 
reduced form of the reactant. The rate of an electrochemical reaction proceeding on 
the electrode surface is the speed at which the electrons are released or consumed. 

1.3.2.1 Current Density and Exchange Current Density 

Since electrode reactions are heterogeneous, their reaction rates are usually 
described in units of mol s 1 per unit area. In Equation 1.64, both elementary 
reactions are active at all times, and the rate of the forward process v f (mol s 1 
cm" 2 ) is 


V f = k f C Ox 


(1.65) 


whereas the rate of the reverse reaction is 
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V b= k b C Rd (!- 66 ) 

The rate constants, k f and k b , have dimensions of s and one can easily show 
that they are the reciprocals of the mean lifetimes of O x and Rj, respectively. C 0x , 
and C Rd are the surface concentrations of the reacting species with a unit of 
mol/cm 2 . The net conversion rate of O x to Rd is 

v„ et =k f C 0x -k b C Rd (1.67) 

The rate of an electrochemical reaction is determined by an activation energy 
barrier that the charge must overcome to move from electrolyte to a solid electrode 
or vice versa, and is described using the electrical current. Very often, we use 
current density (the current per unit area of the surface). The current density, i , is 
related to the charge transferred, the consumption of reactant, and the surface area 
by Faraday’s law. 


i = nFv (1.68) 

where F is Faraday’s constant (96485 C/mol), and the physical meaning of nF is 
the charge transferred. V is the reactant consumed with a unit of mols 1 cnf 2 . 

The reaction rate, current density, is easy to measure. But note that this current 
density is a net current density, which is the difference between the forward and 
reverse current densities on the electrode. Generally, for a reaction in Equation 
1.64, the net current density can be expressed as 

i = nF(k f C 0x ~k b C Rd ) (1.69) 

where k f is the forward reaction rate constant (s '), C 0x is the surface concentration 
of the reacting species (mol cnf 2 ), k b is the reverse reaction rate constant (s ), and 
C Rd is the surface concentration of the reacting species (mol cnf 2 ). 

At equilibrium, the net current is equal to zero. Flowever, this does not mean 
that both the forward reaction and the backward reaction stop. Actually, both 
reactions proceed in opposite directions but with the same speed. The rate at which 
they proceed at equilibrium is called the exchange current density, i 0 [1]. 

*'o = nFk f C o x = ” Fk b C RJ ( L7 °) 

The value of the exchange current density depends on the inherent speed of the 
electrode reaction: a slow reaction (with a small exchange current density) will 
require a larger overpotential for a given current density than a fast reaction (with a 
large exchange current density). 
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13.2.2 Arrhenius Equation and Transition State Theory 

The Arrhenius equation shows the dependence of the rate constant of chemical 
reactions on the temperature and activation energy. Its form is 

k = Aex p(-—) (1.71) 

RT 

where E a is the activation energy, which has units of energy. A is known generally 
as the pre-exponential factor or frequency factor [134]. 

According to transition state theory, the rate constant for an electrochemical 
reaction is a function of the Gibbs free energy [1]. 

, k„T -AG s „. 

k = -exp(-) (1-72) 

h RT 

where k B is Boltzmann’s constant and h is Planck’s constant. 

The Gibbs free energy for electrochemical reactions is considered to consist of 
both chemical and electrical terms. Therefore, for reduction reaction 

AG = AG ch +a Rd nFE (1.73) 

and for oxidation reaction 

AG = AG ch -a 0x nFE (1.74) 

where A G ch is the chemical component of the Gibbs free energy, a is the transfer 
coefficient, F is Faraday’s constant, and E is the potential. The value of a is 
theoretically between 0 and 1, and most typically for the reactions on a metallic 
surface it is around 0.5. The relationship of a Rd and a ()x is as follows: 


a Rd + a Ox ~ 1 

(1.75) 

Thus, the forward reduction and backward oxidation reaction rate constant can be 
expressed as 

k f = k n f exp[ a ™” FE ] 

(1.76) 

kb ~ k 0 .b exp[—] 

(1.77) 
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where k 0 , and k 0 b are the standard rate constants for the forward reaction and 

backward reaction, respectively; that is, they are the rate constants when the 
electrodes are at thermodynamic standard potentials. 

1.3.2.3 Butler- Volmer Equation 

By introducing Equations 1.75, 1.76, and 1.77 into Equation 1.69, the net current 
density is obtained: 


i = nF[k 0f C Ox exp( aR f/ E ) - k Qb C Rd exp(—(1.78) 


RT 


RT 


At equilibrium, we have 


/ - nFk C 
*0 — nr 


exp(- 


-a 


R ,nFE pn 

Ka eq 


RT 


) = »Fk 0 b C b Rd exp( 


(1 -a Rd )nFE a 


RT 


-) (1-79) 


where E is the reversible or equilibrium potential, and C b 0x and C h Rd are the bulk 

concentration of the reacting species (mol/cm 2 ). As described in Section 1.2, the 
reversible or equilibrium potential at the fuel cell anode and cathode at 25 °C and 
atmospheric pressure are 0 and 1.229 V, respectively. For simplicity, we define a 
as a Rd . 

According to Equation 1.78 and 1.79, we have 


* = *o t~r L ex P( 


~C° 0x - RT 




Ox afl F(E E eq )^ y^ Rd -S-" “ eqJ )] (1 80) 


C 


RT 


Then Equation 1.80 can be simplified as 


,C„ 


-anFtj C R 


i= i o[ r|Lexp(^^) - ^-ex P r 


T1 -a)nFrj 


C 

x-'n 


RT 


C 

^ D 


RT 


(1.81) 


where rj is the overpotential (for the anode reaction t] a =E a -E eq >0; for the 
cathode reaction r/ c = E c - E eq < 0 ). Assuming C 0x = C b Qx , and C Rd = C Rd , 

.' = ..[exp(^)-exp(0^p)] (1.82) 

Equation 1.82 is known as the Butler-Volmer equation, describing the current- 
potential relationship. 

Applying the Butler-Volmer equation to a fuel cell anode and cathode reaction, 
the anodic and cathodic kinetic current densities can be expressed as Equations 
1.83 and 1.84, respectively, and it is obvious that we have i c = -i a , where the 
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cathode current density is defined as positive and anode current density is defined 
as negative, when the fuel cell is under load. 


. r ,- a H n a,H Fr la, X 1 ~ ® H )”a,H F H a 

'o.h, t ex P( -^7- ) “ ex P(-iTT-)] 


RT 


RT 


. . , r a o n a,o Fr lc. XI -aoKA. 

h = h,o, t ex P(-—-) - e x P(-~-)] 


RT 


RT 


(1.83) 

(1.84) 


where 

4 = the cathodic current density 

i a = the anodic current density 

/„ q 2 = the apparent exchange current density for cathodic O 2 reduction 
/'o h, = the apparent exchange current density for the anodic FF oxidation 
reaction 

R = the universal gas constant (8.314 Jl mol ■ K ) 

T = the temperature (K). 

F = Faraday constant (96485 C/mol) 

n a 0 = the electron transfer number in the rate determining step for cathodic 
0 2 reduction 

n a H = the electron transfer number in the rate determining step for anodic 
H 2 oxidation reaction 

a 0 = the transfer coefficient in the rate determining step for cathodic C) 2 
reduction ( a 0 = a O Rd ) 

a H = the transfer coefficient in the rate determining step for anodic FI 2 
oxidation ( a H = a H Rd ) 

The value of n a H is 1.0, which has been widely reported in the literature [135— 
137]. For the value of n a Q , the literature presents two Tafel slopes for the oxygen 

reduction polarization curve [138-141]. The first case, where the slope is 
approximately 60 mV/decade at 25 °C, corresponds to a n a 0 value of 2.0 for a 0 ~ 

0.5 in the low current density range (the higher cathode potential range where the 
electrode surface is partially covered by PtO). For the second case, the Tafel slope 
in the higher current density range is around 120 mV/decade with a n a0 value of 

1.0, corresponding to a low cathode potential range where the electrode surface is 
pure Pt. 

a Q and a,, in Equations 1.83 and 1.84 are the electron transfer coefficients 
for cathodic 0 2 reduction and anodic FF oxidation, respectively. On a Pt electrode, 
a Q is a temperature-dependent parameter as reported in the literature [142-145], 
and can be expressed as 
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0 rri 

a Q = oc 0 l 


(1.85) 


where ao-pupto =0.00168 K 1 in the temperature range of 20 °C to 250 °C. 
However, a H for H 2 oxidation on a Pt electrode seems to be independent of 
temperature and a value of 0.5 is widely reported in the literature [146-148]. 


1.3.2.4 Linear Polarization 


At a small overpotential, that is, 


nFrj 

RT 


«1, the Butler-Volmer equation can be 


simplified as 


i 


h,[l 
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RT 
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( 1 . 86 ) 


That is, 


. nF rt 

■i 0 - 

RT 


Therefore, we have 
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-rjU 


RT 


nFi n 


(1.87) 


( 1 . 88 ) 


where R cl is the charge transfer resistance, which refers to the barrier across which 
the electrons passes from the electrode surface to the adsorbed species or from the 
adsorbed species to the electrode. The resistance is related to the electrode 
potential, or more precisely, to the overpotential. R cl is a very important kinetic 
parameter, describing the speed of the electrode reaction. R cl can be obtained by 
AC impedance method. 

Again, the electron number refers only to the electrons involved in the rate 
determining step. For a multi-electron, multi-step reaction, n does not equal the 
total electrons involved in the whole reaction. For example, the ORR involves a 
total of 4 electrons. However, the apparent electron number changes with the Tafel 
slope. At the low current density range (low overpotential), a Tafel slope of 60 
mV/dec has been observed, indicating that the apparent electron number in the rate 
determining step is 2. 

1.3.2.5 Tafel Equation - Simplified Activation Kinetics 

At high overpotential, one term in the Butler-Volmer equation can be ignored and 
the equation can be simplified. For the forward reaction. 
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, -anFn. 
1 = *o exp( rj _ ) 


For the backward reaction. 


(\-a)nF tj 
i = -i 0 exp(-—-) 


Rearrangement of the two equations gives the forward reaction as 


RT , . RT , 
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anF anF 
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(1.89) 


(1.90) 


(1.91) 

(1.92) 


Assuming 


23Q2RT , 

a = -— log ; 0 

anF 

, 23Q3RT 
anF 

then Equation 1.92 is simplified as 
77 = a + b log 


(1.93) 

(1.94) 


(1.95) 


At 25 °C, a = 


0.059 


log i 0 , and b = - 


0.059 


. Equation 1.95 is the well-known 


an an 

Tafel equation, which tells us that in a certain current density range, overpotenital 
is linearly dependant on the logarithm of current density. The exchange current 
density can be obtained from the intercept at the current density axis. The slope of 
the line is called the Tafel slope. The higher the Tafel slope, the slower the reaction 
kinetics. 

For the backward reaction, 


RT 

(1 - a)nF 

2303RT 
(1 - a)nF 


Inf, 


RT ,, ., 

-ln(-t) 

(1 - a)nF 

(1.96) 

2303RT , , 

+-log(—7) 
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(1.97) 
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Assuming 


2.303 RT 
(1 - a)nF 


log *'o 


_ 2,303 RT 
(1 - a)nF 

then for the backward reaction we also have 
i) = a + b\og(-i) 


(1.98) 

(1.99) 


( 1 . 100 ) 


The values of _ 2.30?''RT ^ ^ --303 RT ^ tj ie j a fel slopes for the forward and 
anF (1 - a)nF 

backward reactions, respectively. 

Now we can apply the Tafel equation to fuel cell electrode reactions. As the 
overpotential at the anode is positive ( rj a > 0 ), the first term in Equation 1.83 is 
negligible. Equation 1.83 can be simplified as 


i^-a H )n aM Fri 

‘a = -*0 ,H 2 eX P(- Jf -) 


( 1 . 101 ) 


Similarly, as the overpotential at the cathode is negative ( rj c <0), Equation 
1.84 can be simplified as 


. . r a ° n ° o Fr lc , 

h = h,o 7 ex P(-—-) 


( 1 . 102 ) 


Their Tafel forms are therefore written as follows: 


2.303 RT , . 2303RT , , . N 
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(1.104] 


1.3.3 Mass Transfer 

Transport processes are involved when a current is passed through a fuel cell. Ions 
and neutral species that participate in the electrochemical reactions at the anode or 
cathode have to be transported to the respective electrode surfaces. In Section 
1.3.2, we introduced the charge transfer kinetics-controlled electrode reactions in 
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which the rates of mass transfer processes are very rapid compared to those of all 
associated chemical reactions. The Tafel characteristic is representative of an 
irreversible electrode reaction in which the exchange current density is very small. 
Another case is the mass transfer-controlled reactions in which the rates of all 
associated chemical reactions are very rapid compared to those of the mass transfer 
processes. 

1.3.3.1 Fast-Speed Electrode Reaction 
Rearrangement of Equation 1.81 gives 
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RT 
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RT 


(1.105) 


When the exchange current density is very large compared with the electrode 
reaction current density, that is, i 0 » i. the left side of Equation 1.105 is 
approximately equal to zero. Then Equation 1.105 can be written as 
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c “ exp ( ^^) 
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Based on the Nernst equation, 
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That is, 
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RT 



We obtain 


E = E° + — ln-^- 
? nF C„ 


(1.108) 


(1.109) 


Equation 1.109 has the same form as the Nernst equation. It indicates that the 
surface concentrations of species involved in the Faradaic process are related to the 
electrode potential by an equation of the Nernst form when the exchange current 
density is very large. Such electrode reactions are often called reversible or 
Nernstian, because the principal species obey thermodynamic relationships at the 
electrode surface. 
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1.3.3.2 Modes of Mass Transfer 

For a reversible electrode reaction, the electrode potential is related to the surface 
concentrations of species by the Nernst equation. The net rate of the electrode 
reaction, v nel , is then governed completely by the rate at which the electroactive 
species is brought to the surface by mass transfer, v mt . Hence, 


v 


net 



( 1 . 110 ) 


There are three modes of mass transfer, which plays an important role in 
electrochemical dynamics. 

1. Migration: movement of a charged body under the influence of an electric 
field (a gradient of electrical potential). 

2. Diffusion:, movement of a species under the influence of a gradient of 
chemical potential (i.e., a concentration gradient). 

3. Convection: stirring or hydrodynamic transport. Generally fluid flow 
occurs because of natural convection (convection caused by density 
gradients) and forced convection, and may be characterized by stagnant 
regions, laminar flow, and turbulent flow. 

Mass transfer to an electrode is governed by the Nernst-Planck equation, 
written for one-dimensional mass transfer along the x-axis as 

J,=-D'VC, -^D'CM + Cy (1.111) 

where J i is the flux of species i (rnols 1 cm 2 ) at distance x from the surface, D j 
is the diffusion coefficient (cm 2 s), V is a vector operator, C, is the concentration, 

( i> is the electrical potential, Z ; is the charge number, v is the velocity of the 
solution, and F is the Faraday constant. The three terms on the right-hand side 
represent the contributions of diffusion, migration, and convection, respectively, to 
the flux. A rigorous solution is generally not very easy when all three forms of 
mass transfer are in effect; hence electrochemical systems are frequently designed 
so that one or more of the contributions to mass transfer are negligible. For 
example, the migrational component can be reduced to negligible levels by the 
addition of an inert electrolyte (a supporting electrolyte) at a concentration much 
larger than that of the electroactive species. Convection can be avoided by 
preventing stirring and vibrations in the electrochemical cell. 

1.3.3.3 Semi-Empirical Treatment of Steady-State Mass Transfer 
For the cathode reaction of a reversible electrode reaction (Reaction 1.64), without 
considering migration and convection, the electrode reaction rate equals the 
diffusion rate of O x at the electrode surface: 
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dx 
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( 1 . 112 ) 


Under the condition of steady-state diffusion, we assume that the diffusion 
distance is 8 . Equation 1.112 turns out to be 
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_ r> ^ Ox Ox 


(1.113) 


where C Qx is the surface concentration of 0 X . Then we have, 
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(1.114) 


Obviously, if C ()x = 0 or C 0x « C h Qx , 
i f D C b 

__ ox'-'ox 

nF 8 


(1.115) 


where if is the forward limiting current density. Equation 1.114 can be 
transformed to 


nFD r 
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(1.116) 


Then, 


% = 1 -4- (1.117) 

Cl if 

Similarly, 

%-i-4r 0118) 

C Rd l l 

where i, is the backward limiting current density. 

1.3.3.4 Effect of Mass Transfer on Voltage-Current Relationship 
Substitution of the expressions in Equations 1.117 and 1.118 into 1.81 yields 



64 X-Z. Yuan and H. Wang 


* = *'o [C 1 — 77") ex P( 
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(1.119) 


Equation 1.119 is the i — rj relationship including the effect of mass transfer. 

I nFn I 


When the overpotential is very small, that is, 
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These two expressions combine with Equation 1.119 to yield 


( 1 . 120 ) 
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When the overpotential is very small, we also have i l i /« 1, and i / i f «1. 

Then and _L ( ( 1 ~ . ) a re negligible and Equation 1.122 

if RT ij RT 
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Previously we defined - as the charge transfer resistance (see Equation 
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1.88). Similarly, - - and -— have the same unit as -—. So they are 
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defined as the mass transfer resistance, R ml c and R mt a , respectively; that is, 
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RT 
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(1.125) 
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R~*=—pr d- 126 ) 

nFi, 

Therefore, Equation 1.124 can be written as 

n=-KR ct +Rmuf+Rm,, b ) (1-127) 

Obviously, when i 0 is very large, we have 

R ct « R mt,f + R m,.b ( 1 - 128 ) 

and when l () is very small, we have 

R c» R mt ,f +R m ,, b (1-129) 

Note that the equations derived in this section apply when the overpotential is 
small. Therefore, Equations 1.128 and 1.129 indicate that near the equilibrium 
electrode potential, the overpotential is controlled by the mass transfer when i 0 is 
very large. On the contrary, near the equilibrium electrode potential, the 

overpotential is controlled by the charge transfer when i 0 is very small. 

1.3.4 Multiple Kinetics 

1.3.4.1 Electrode Kinetic and Mass Transfer for Fuel Cell Reactions 
For the reaction occurring inside a porous three-dimensional catalyst layer, a thin- 
film flooded agglomerate model has been developed [149, 150] to describe the 
potential-current behavior as a function of reaction kinetics and reactant diffusion. 
For simplicity, if the kinetic parameters, such as the exchange current density and 
diffusion limiting current density, can be defined as apparent parameters, the 
corresponding Butler-Volmer and mass diffusion relationships can be obtained 
[134]. For an FE/air (O?) fuel cell, considering both the electrode kinetic and the 
mass transfer, the i - i) relationships of the fuel cell electrode reactions within the 
catalyst layer can be expressed as Equations 1.130 and 1.131, respectively, based 
on Equation 1.122. The i- rj relationship of the catalyzed cathode reaction within 
the catalyst layer is 


4 = z o,o 2 [(( — ) ex P(' 

h,o 


~ CC O n a.O Rr l l 


RT 


, n 4 \ X X - a o) n a,Q Fr lc v, 
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l, „ A7 


u,o 


(1.130) 


and the corresponding i - rj relationship of the anode reaction is 



66 X-Z. Yuan and H. Wang 


r/i Kl \ / a H n a,H^ 1 lu \ /. 2 a x x 0 U H x 

l a = 1 0 ,h, [(1 - 77-) ex P( -77: - ) - 0 - —) ex P(- 77; - )] 


;/ 

0,7/ 


RT 


• b 

l l,H 


RT 


( 1 - 131 ) 


where R is the gas constant (8.314 Jmol 'K ') and T is the temperature (K). i c and i a 
are the cathode and anode current densities, respectively. i 0Oi and i 0>H are the 
apparent exchange current densities for cathodic 0 2 reduction and anodic H 2 
oxidation reactions, respectively. if 0 and if 0 are the apparent diffusion limiting 
current densities for the cathodic forward and reverse reactions, respectively, and 
if H and i] H are the corresponding apparent diffusion limiting current densities for 

anode reactions. It is assumed that these six apparent current densities are all a 
function of the morphology and structure of the three-dimensional catalyst layer 
matrix [151]. ij c and //„ in Equations 1.130 and 1.131 are the cathodic and anodic 
overpotentials, respectively. r] c can be expressed as E c - E c eq , and >]„ can be 
expressed as E a - E a eq , where E c eq and E a eq are the thermodynamic electrode 
potentials (or reversible electrode potentials) for cathodic O? reduction and anodic 
H 2 oxidation, respectively. n a0 and n aH in Equations 1.130 and 1.131 are the 
electron transfer numbers in the rate determining steps for the cathodic 0 2 
reduction and anodic H 2 oxidation reactions, respectively. 


1.3.4.2 Low Current Density 

In the low current density range, the contribution of mass transfer polarization is 
negligible and the electrode charge transfer and membrane resistance polarization 
are significant. In this case, Equations 1.130 and 1.131 can be simplified into 
Equations 1.132 and 1.133, respectively. 
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(1.132) 

(1.133) 


From the AC impedance spectra, the exchange current density of the ORR can 
be calculated from the charge transfer resistance. In the low current density range 
(< 0.4 A/cm 2 , the Pt catalyst surface will be covered partially by a PtO layer with 
surface coverage of approximately 0.3 [125, 152, 153], the numerical relationship 
between rj c and i c can thus be obtained. 


1.3.4.3 High Current Density 

In the high cunent density range (> 0.4 A/cm 2 , the catalyst surface will be covered 
with pure Pt [154, 155]), the diffusion-related terms in Equations 1.130 and 1.131 
must be considered. As a result, at high overpotentials (both r] c and i] n are large), 
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the second terms will be insignificant compared to the first terns, suggesting that 
the second terms are negligible. Therefore, Equations 1.130 and 1.131 can be 
simplified as Equations 1.134 and 1.135, respectively: 
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1.3.5 Polarization Curve and Voltage Losses 


(1.135) 


1.3.5.1 Polarization 

When the fuel cell operates, the actual voltage of the cell is less than the value of 
the OCV. Cell voltage is the actual voltage of the fuel cell and the current density, 
i , is the cell current, / , per cell active area, A . 


i 


7 _ 

7 


(1.136) 


The cell current is equal to the stack current because the stack is formed by 
connecting the individual cells in series. 



Figure 1.26. A schematic plot of electrode polarization and voltage drop 
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Once the fuel cell circuit is connected, there is a current flow, which causes the 
electrode to be polarized. This means that the anode electrode potential will move 
to a more positive value, and the cathode electrode potential will move to a more 
negative value, resulting in a decrease in the cell voltage, which is known as the 
voltage loss. The principle is shown in Figure 1.26. 

1.3.5.2 Polarization Curve 

A plot of cell potential against current density under a set of constant operating 
conditions, known as a polarization curve, is the standard electrochemical 
technique for characterizing the performance of fuel cells (both single cells and 
stacks) [156]. It yields information on the performance losses in the cell or stack 
under operating conditions. A steady-state polarization curve can be obtained by 
recording the current as a function of cell potential or recording the cell potential as 
the cell current changes. A non-steady-state polarization curve can be obtained 
using a rapid current sweep [157]. By measuring polarization curves, certain 
parameters such as the effects of the composition, flow rate, temperature, and RH 
of the reactant gases on cell performance can be characterized and compared 
systematically. A sample polarization curve is shown in Figure 1.27. Very often, 
polarization curves are converted to power density versus current density plots by 
multiplying the potential by the current density at each point of the curve, also seen 
in Figure 1.27. 



Figure 1.27. A sample fuel cell polarization curve obtained from the diagnostic modeling 
PEM fuel cell with an active area of 192 cm 2 , designed by NRC-IFCI 

Polarization curves provide information on the performance of the cell or stack 
as a whole. While they are useful indicators of overall performance under specific 
operating conditions, they fail to produce much information about the performance 
of individual components within the cell. They cannot be obtained during normal 
operation of a fuel cell and take significant time. In addition, they fail to 
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differentiate different mechanisms; for example, flooding and drying inside a fuel 
cell cannot be distinguished in a single polarization curve. They are also incapable 
of resolving time-dependent processes occurring in the fuel cell and the stack. For 
the latter purpose, current interrupt, EIS measurements, and other electrochemical 
approaches are preferred. These techniques will be introduced in the following 
sections. 

1.3.5.3 Voltage Loss 

The fuel cell voltage losses are classified into three categories: the activation loss 
(activation polarization), the ohmic loss (ohmic polarization), and the 
concentration loss (concentration polarization). Plots of voltage drops caused by 
each of the losses are shown in Figure 1.28. At low current densities (the region of 
activation polarization), the cell potential drops sharply and the majority of these 
losses are due to the sluggish kinetics of the ORR [1]. At intermediate current 
densities (the region of ohmic polarization), the voltage loss caused by ohmic 
resistance becomes significant and results mainly from resistance to the flow of 
ions in the electrolyte and resistance to the flow of electrons through the electrode 
[158]. In this region, the cell potential decreases nearly linearly with current 
density, while the activation overpotential reaches a relatively constant value [1]. 
At high current densities (the region of concentration polarization), mass transport 
effects dominate due to the transport limit of the reactant gas through the pore 
structure of the GDLs and electrocatalyst layers, and cell performance drops 
drastically [159]. 



Current density (rnAfcrn^) 

Figure 1.28. Schematic of an ideal polarization curve with the corresponding regions and 
overpotentials [1]. (Reprinted from Barbir F. PEM fuel cells: theory and practice. New 
York: Elsevier Academic Press, ©2005, with pennission from Elsevier.) 
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The output voltage of a single cell, E cdl , can be defined as follows: 


F cell ~ F OCV 


-A E , -A E. . -A E 

act ohmic a 


(1.137) 


where E ceU is the voltage for a certain operating condition, E ocv represents the 
fuel cell OCV, A E act is the voltage drop associated with the activation of the anode 
and of the cathode, A E ohmic is the ohmic voltage drop associated with the 
conduction of protons and electrons, and A E con is the voltage drop resulting from 
the decrease in the concentration of oxygen and hydrogen. Each of these losses is 
discussed separately in the following sections. 

Activation Loss 

Activation overvoltage or activation loss is caused by activation polarization, 
which arises from the need to move electrons and to break and form chemical 
bonds in both the anode and the cathode. 

A£ flrt =k| + k| (1-138] 


In low- and medium-temperature fuel cells, activation overvoltage is the most 
important irreversibility and cause of voltage drop. The relation between activation 
overvoltage and current density is described by the Tafel equation, e.g., 

Vc = a + b log i ( 1 , 139 ) 

Therefore, based on Equations 1.103 and 1.104, the activation loss can be 
expressed as 
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This is simplified as 
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(1.141) 
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where A r =- and A„ =-. 

a 0 "a,o F 

As the reaction of hydrogen oxidation at the anode is much faster than that of 
oxygen reduction at the cathode the voltage drop due to the activation loss is 
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dominated by the cathode reaction, and activation overvoltage occurs mainly at the 
cathode. 

Then, Equation 1.140 is simplified as 
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(1.142) 


or 

W act = A c ln(—) 
l o,o 2 


(1.143) 


Activation overvoltage at both electrodes is important in cells using fuels other 
than hydrogen, such as methanol. At higher temperatures and pressures the 
activation overvoltage becomes less important. 

Mass Transport or Concentration Loss 

Concentration polarization will cause concentration loss or concentration 
overvoltage, which arises from the drop in concentration of the reactants as they 
are consumed in the reaction. This concentration loss can cause rapid voltage drop 
at high current density. As the concentration loss or voltage drop is composed of 
concentration polarization on the anode and the cathode, the total concentration 
loss is expressed as 

A£ co „=A£ co „ >c+ Ai- ro „ jfl (1.144) 


According to the Nernst equation, we have 


*E = *LiA 

nF C,J 


(1.145) 


By combining Equations 1.145, 1.114, and 1.115, a relationship for voltage loss 
due to concentration polarization is obtained: 

) (1-146) 

nF i l c -1 

Similarly, we have 

(1-147) 

nF i l a -1 


Therefore, the total concentration loss is written as 
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a r ET, , h,c x RT i[ a 
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(1.148) 


Ohmic Loss 

Ohmic loss is the simplest voltage loss to understand. Ohmic loss or ohmic 
overvoltage is caused by ohmic polarization, which arises from the resistance of 
the polymer membrane to the transfer of ions and the resistance of the electrode 
and the collector plate to the transfer of electrons. 

The voltage drop related to the ohmic polarization is described by Ohm’s law, 

A E ohm =iR ohm (1.149) 


where R ohm (Clem 2 \ is the internal electrical resistance, which includes ionic, 

electronic, and contact resistances. In most fuel cells, electronic resistance is 
almost negligible, even when graphite or graphite/polymer composites are used as 
current collectors, and the resistance is caused primarily by the electrolyte (ionic), 
though the contact resistances can also be important. Generally, it is possible to 
distinquish this particular voltage loss from other voltage losses through tecniques 
like AC impedance and current interruption. 

Summary 

There is another voltage loss, which is caused by fuel crossover and internal 
currents. Basically, fuel crossover and internal currents have very marked effects 
on the OCV, E ocv . For more information on this voltage loss, please see Section 
1.2.4. 

To summarize, the cell potential is equal to the open circuit potential reduced 
by the potential loss or voltage drop [1]: 

E C ell ~ EoCV - E loss (1.150) 

where the voltage drop is composed of activation and concentration polarization 
losses on both the anode and the cathode and of ohmic losses, 

E, oss = (A E act + A E con ) a + (A E acl + A E con)c + A E ohmic (1.151) 

and the actual OCV is expressed as 

Eocv = E theor - E cross — E mix (1.152) 

A theoretical OCV can be obtained as described in Section 1.2.4.1: 

E°Z =1-229 - 0.000846(7 - 298.15) + ^ln[P 02 (P„ 2 ) 2 ] 


(1.153) 
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1.3.5.4 Empirical Equations for the Polarization Curves 

So far, numerous modeling studies have been carried out to elucidate the 
electrochemical behavior of PEM fuel cells, and for this purpose, many empirical 
equations have been introduced to mimic the polarization curves. Srinivasan et al. 
[160, 161] developed the following equation to describe the relation between the 
cell voltage, E, and current density, i, in the low and intermediate current density 
ranges, where the electrochemical reaction is controlled by the activation and 
ohmic losses: 

E = E 0 -b\og(i)-Ri (1.154) 

where E 0 = E r + b log / 0 and the two subsequent terns describe the different loss 
mechanisms. E r is the reversible potential of the cell, and /'„ and b are the 
exchange current density and the Tafel slope for oxygen reduction, respectively. 
The second term in Equation 1.154 is predominant at low current densities and 
describes the activation overpotential. In the third term, R represents the resistance 
that causes a linear variation of the cell potential with the current density, which is 
predominant in the intermediate current density region. 

Kim et al. [162] modified Equation 1.154 by introducing an additional term in 
order to fit the cell voltage against current density behavior over the whole current 
density range: 

E =E 0 -b\og(i)~ Ri-mexp(ni) (1.155) 

where m and n are the parameters related to mass transport limitation. Bevers et al. 
[163] found in their one-dimensional model that m correlates to the electrolyte 
conductivity and n to the porosity of the GDL. In the high current density region 
the last term becomes predominant, and is used to match the losses due to the mass 
transport limitations. 

Lee et al. [164] took into account the influence of pressure parameters on the 
concentration polarization in PEM fuel cell stack models, 

P 

E = E 0 -b\og(i)-Ri-mexp(ni)-a\og( -) (1.156) 

P o 2 

where P is the total pressure, P Q is the partial pressure of oxygen, and a is an 
empirical equation constant. 

Squadrito et al. [165] developed a logarithmic equation based on a mechanistic 
analysis in order to find an expression for the concentration polarization, which 
was then modified to fit a set of experimental data: 


E = E 0 -b log(i) - Ri + ai k ln(l - /3i) 


(1.157) 
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where the term at accounts for the pre-logarithmic terms attributed to the different 
contributions and acts as an “amplification term,” expressed in potential units; k is 
a dimensionless number; ft is a the inverse of the limiting current density; and a is 
the transfer coefficient. Squadrito et al. further claimed that Equation 1.157 is able 
to predict a more accurate behavior at high current densities since k influences 
primarily the point at which there is departure from the linear behavior, and a 
determines the shape of the curve at high current densities. 

The non-linear contributions to the cell potential drop at high current densities 
result from interface phenomena occurring in the cathode reactive region. Pisani et 
al. [166] developed a semi-empirical equation, based on the integral of the oxygen 
concentration over the reactive region, 


E = E 0 -b ln(z') - Ri + a In 




1-—S 




(1.158) 


where S is a flooding parameter, // is an empirical constant, and /’/ is the limiting 
current density. 

More complex empirical equations based on Equation 1.155 have also been 
developed. For example, Amphlett et al. [167] presented empirical equations and 
terms that relate activation losses, internal resistance, and all temperature 
dependencies through fitting parameters. Sena et al. [168] analyzed the catalyst 
layer and considered it as a thin-film flooded agglomerate; thus, the GDE is 
assumed to be formed by an assembly of flooded zones (catalytic zones) and empty 
zones (no catalyst present). The final equation relates the oxygen diffusion effects 
in the GDE: 


E = E 0 -b log(z) - Ri + b log 


1 -- 


‘L J 


(1.159) 


where ip is the limiting current density due to a limiting oxygen diffusion effect. 
1.3.5.5 Distinguishing the Voltage Losses 
Current Interruption 

In general, the current interruption method is used to measure the ohmic losses in a 
PEM fuel cell. The principle of the technique is that the ohmic losses vanish much 
faster than the electrochemical overpotentials when the current is interrupted, as 
shown in Figure 1.29. It is shown that the ohmic losses disappear almost 
immediately and the electrochemical (or activation) overpotentials decline to the 
OCV at a considerably slower rate. Therefore, rapid acquisition of the voltage 
transient data is of vital importance to adequate separation of the ohmic and 
activation losses. 
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Figure 1.29. An ideal voltage transient in a fuel cell after current interruption, (a) single 
interruption technique, (b) periodic interruption technique 


The crucial issue in measuring in situ ohmic losses is to separate the above two 
processes [169]. Many attempts using this method have been made to determine 
the ohmic resistances in single cells or individual cells of a PEM fuel cell stack. 
For example, Mennola et al. [170] have employed this method to determine the 
ohmic resistances in individual cells of a PEM fuel cell stack. Figure 1.30 shows 
one of their results. It was achieved by producing voltage transients and monitoring 
them with a digital oscilloscope connected in parallel with the individual cell. 
Their results show good agreement between the ohmic losses in the entire stack 
and the sum of the ohmic losses in each individual cell 



Time (us) 

Figure 1.30. Voltage transient (thin line) and fitted average voltage (bold line) for the whole 
stack. Extrapolation is indicated with a dotted line. Air supply: free convection; i = 200 mA 
cm 2 171. (Reprinted from Journal of Power Sources, 112(1), Mennola Tuomas, Mikkola 
Mikko, Noponen Matti, Hottinen Tero and Lund Peter, Measurement of ohmic voltage 
losses in individual cells of a PEMFC stack, 261-72, ©2002, with permission from 
Elsevier.) 
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Compared to other methods, the current interrupt method has the advantage of 
relatively straightforward data analysis. However, one of the weaknesses of this 
method is that the information obtained for a single cell or stack is limited. Another 
issue with this method is the difficulty in determining the exact point at which the 
voltage jumps instantaneously; thus, a fast oscilloscope should be used to record 
the voltage changes. 

AC Impedance 

AC impedance, also known as EIS, applies a small AC voltage or current 
perturbation/signal to the cell and the amplitude and phase of the resulting signal 
are measured as a function of frequency. This may be repeated through a wide 
range of frequencies. Basically, impedance is a measure of the ability of a system 
to impede the flow of electrical current; thus, EIS is a powerful technique that can 
resolve various sources of polarization loss in a short time and has been widely 
applied to PEM fuel cells. 

Impedance spectra are conventionally plotted in both Bode and Nyquist form. 
In a Bode plot, the amplitude and phase of the impedance are plotted as a function 
of frequency, while in a Nyquist plot the imaginary part of the impedance is plotted 
against the real part at each frequency. Figure 1.31 shows the typical EIS spectra in 
Nyquist form with two arcs, where the frequency increases from the right to the 
left. The simple form of the equivalent circuit for the spectra in Figure 1.31 is 
depicted in Figure 1.32. The high-frequency intercept is related to the ohmic 
resistance of the stack, R n , which can be directly compared with the data obtained 
from current interrupt measurements. The high-frequency arc reflects the 
combination of the double-layer capacitance in the catalyst layer and the effective 
charge transfer resistance. The low-frequency arc corresponds to the impedance 
due to mass transport limitations. The reason for replacing C, the double layer 
capacitor, by the constant phase element (CPE) results from the fact that the 
capacitance due to the double-layer charging is distributed along the length of the 
pores in the porous electrode. 



Figure 1.31. Typical impedance spectra of a PEM fuel cell. The spectra were obtained at 
30 °C using a Ballard Mark V six-cell stack with an active area of 280 cm 2 . 
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Figure 1.32. Simple equivalent circuit for the spectra in Figure 1.31 

The impedance can be measured using various instruments and techniques, 
ranging from a simple oscilloscope display to a fast Fourier transform analyzer. 
The most common instrument used is a frequency response analyzer (FRA), such 
as a Solartron FRA. The AC impedance or FRA is a four-terminal measurement. 
Figure 1.33 shows a typical electronic connection for an AC impedance 
measurement between the Solartron 1260 FRA, TDI loadbank (RBL 488 series 
100-60-400), and fuel cell. 


RBL 488 



Fuel cell 


Solartron 1260 


Figure 1.33. Typical electronic connections of AC impedance measurement of a PEM fuel 
cell [5], (Reproduced by permission of ECS—The Electrochemical Society, from Tang Y, 
Zhang J, Song C, Liu H, Zhang J, Wang H, et al. Temperature-dependent performance and 
in situ AC impedance of high-temperature PEM fuel cells using the Nafion-112 membrane.) 
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The Solartron 1260 FRA can perform flexible signal processing. The TDI 
loadbank is a single channel loadbank that can be controlled with signals via an 
external program. When a controlling DC, AC, DC/AC combination, or FRA- 
generated waveform is connected into the REM and S- ports located on the rear 
panel of the loadbank, the loadbank will transfer the signal into the fuel cell load 
level. The values of all signals are referred to as S-. In Tang et al.’s [40] impedance 
experiments, the differential input with a floating ground was chosen to reduce 
noise and harmonic signals from externally wired circuits. An oscilloscope was 
connected to the fuel cell current collectors to monitor the noise level. The results 
showed that this electronic connection can effectively reduce noise. During the 
measurements, the FRA port, GEN OUTPUT, gave a software-command signal to 
the loadbank through the REM and S- ports. The cell voltage response went to 
FRA VI and V2 for analysis. The obtained impedance information was sent to a 
computer for data display and more sophisticated data analysis performed by the 
powerful software Z-plot. 

Flowever, there are still unresolved issues regarding the explanation of the 
impedance spectra. For example, it is difficult to distinguish the individual 
contributions from the anode and cathode sides, although it is generally considered 
that the rapid kinetics and mass transport of the FIOR result in a negligible 
impedance contribution from the anode catalyst layer. In addition, the 
interpretation of the low-frequency feature can be very sophisticated. 

1.3.6 Measures to Improve Cell Performance [26] 

1.3.6.1 Reducing the Activation Overvoltage 

As described in the previous sections, the exchange current density, i 0 , is a crucial 
factor in reducing the activation overvoltage. Therefore, the most important step 
for improving the fuel cell performance is to increase the value of in, especially at 
the cathode. The increase of i 0 can be achieved in several ways summarized, as 
follows: 

• Raising the cell temperature. For a low-temperature cell, iO at the cathode 
will be about 0.1 mAcm-2, whereas for a typical 800 °C cell, it will be 
about 10 mAcm-2, a 100-fold improvement. 

• Using more effective catalysts. 

• Increasing the roughness of the electrodes. This increases the real surface 
area of the electrodes, leading to an increase in i 0 . 

• Increasing reactant concentration. This is achieved by greater occupation of 
reactants on the catalyst sites. 

• Increasing the pressure. This is also achieved by increasing catalyst site 
occupancies. 

1.3.6.2 Reducing the Concentration Overvoltage 

Reducing the concentration overvoltage can be achieved by enhancing mass 
transfer through the following ways: 

• Increasing reactant concentration by, for example, using pure 0 2 instead of 
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• Increasing the gas flow rate or pressure to enhance mass transfer. 

• Designing the flow field to help mass transfer through the channels. 

• Optimizing the GDL porosity and improving GDL structure. 

1.3.6.3 Reducing the Ohmic Overvoltage 

There are three main ways of reducing the internal resistance of the cell: 

• The use of electrodes with the highest possible conductivity. 

• Good design and use of appropriate materials for the bipolar plates or cell 
interconnects. 

• Making the electrolyte as thin as possible. However, this is often difficult 
because the electrolyte needs to be thick enough to support the electrodes, 
or it needs to be wide enough to allow a circulating flow of electrolyte. 
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Electrocatalytic Oxygen Reduction Reaction 


Chaojie Song and Jiujun Zhang 


2.1 Introduction 

Oxygen (O 2 ) is the most abundant element in the Earth’s crust. The oxygen 
reduction reaction (ORR) is also the most important reaction in life processes such 
as biological respiration, and in energy converting systems such as fuel cells. ORR 
in aqueous solutions occurs mainly by two pathways: the direct 4-electron 
reduction pathway from O 2 to H 2 0, and the 2-electron reduction pathway from O 2 
to hydrogen peroxide (H 2 0 2 ). In non-aqueous aprotic solvents and/or in alkaline 
solutions, the 1-electron reduction pathway from 0 2 to superoxide (0 2 ~) can also 
occur. 

In proton exchange membrane (PEM) fuel cells, including direct methanol fuel 
cells (DMFCs), ORR is the reaction occurring at the cathode. Normally, the ORR 
kinetics is very slow. In order to speed up the ORR kinetics to reach a practical 
usable level in a fuel cell, a cathode ORR catalyst is needed. At the current stage in 
technology, platinum (Pt)-based materials are the most practical catalysts. Because 
these Pt-based catalysts are too expensive for making commercially viable fuel 
cells, extensive research over the past several decades has focused on developing 
alternative catalysts, including non-noble metal catalysts [1]. These electrocatalysts 
include noble metals and alloys, carbon materials, quinone and derivatives, 
transition metal macrocyclic compounds, transition metal chalcogenides, and 
transition metal carbides. In this chapter, we focus on the O 2 reduction reaction, 
including the reaction kinetics and mechanisms catalyzed by these various 
catalysts. 

To assist readers, we first provide an overview of the following background 
information: the major electrochemical O 2 reduction reaction processes, simple 
ORR kinetics, and conventional techniques for electrochemical measurements. 

2.1.1 Electrochemical 0 2 Reduction Reactions [2, 3] 

Table 2.1 lists several typical ORR processes with their corresponding 
thermodynamic electrode potentials at standard conditions. The mechanism of the 
electrochemical O 2 reduction reaction is quite complicated and involves many 
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intermediates, primarily depending on the natures of the electrode material, 
catalyst, and electrolyte. The mechanism catalyzed by different catalysts is 
discussed in detail later in this chapter. 


Table 2.1. Thermodynamic electrode potentials of electrochemical 0 2 reductions [2, 3] 




Thermodynamic electrode 

Electrolyte 

ORR reactions 

potential at standard 



conditions, V 


0 2 + 4H + + 4e -» H,0 

1.229 

Acidic aqueous 
solution 

0 2 + 2H + + 2e" -> H 2 0 2 

0.70 


H 2 0 2 + 2H + + 2e‘ 2H 2 0 

1.76 


0 2 + H 2 0 + 4e -> 40H 

0.401 

Alkaline aqueous 
solution 

0 2 + H 2 0 + 2e‘ -> HOT + OH 

-0.065 


HOT + H 2 0 + 2e‘ -> 30H 

0.867 

Non-aqueous 

O 2 c —^ O 2 

a 

aprotic solvents 

OT + e‘ -> 0 2 2 ' 

b 


a, b: The thermodynamic potentials for the 1-electron reduction reaction to form a 
superoxide, and its further reduction to 0 2 2 ", are not listed in Table 2.1 because their values 
are strongly dependent on the solvent used. 


In Table 2.1, the reduction pathways such as the 1-, 2-, and 4-electron reduction 
pathways have unique significance, depending on the applications. In fuel cell 
processes, the 4-electron direct pathway is highly preferred. The 2-electron 
reduction pathway is used in industry for H 2 O 2 production. The 1-electron 
reduction pathway is of importance in the exploration of the ORR mechanism. 

2.1.2 Kinetics of the 0 2 Reduction Reaction 

It is desirable to have the 0 2 reduction reaction occurring at potentials as close as 
possible to the reversible electrode potential (thermodynamic electrode potential) 
with a satisfactory reaction rate. The current-overpotential is given in Equation 2.1 
[3]: 


n «o a oF>lc n a 0 (l-g 0 )Fti c 


I c = i°oM 


-e 


( 2 . 1 ) 


where I c is the oxygen reduction reaction current density, ig is the exchange 
current density, n aQ is the number of electrons transferred in the rate determining 
step, a 0 is the transfer coefficient, r/ c is the overpotential of ORR, F is the Faraday 
constant, R is the gas constant, and T is the temperature in Kelvin. To obtain high 
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current at low 
and/or RT 


ccnF 


overpotential, the exchange current density 
should be small. 


i° 0i should be large, 


2.1.2.1 Tafel Slope 

If the overpotential is large, the backward reaction is negligible and Equation 2.1 
can be simplified as 


n aoao Fr lc 


L = in 


( 2 . 2 ) 


The plot of r] c ~ log(I c ) gives a linear relationship, and the slope is 


2.303 RT 
an.F 


This slope is called the Tafel slope. Since all other parameters in the Tafel slope 
are known, the parameters determining the Tafel slope are actually a Q and n a0 . 
The higher the Tafel slope, the faster the overpotential increases with the current 
density. Thus, for an electrochemical reaction to obtain a high current at low 
overpotential, the reaction should exhibit a low Tafel slope or a large cc 0 n a0 . For 
ORR, usually two Tafel slopes are obtained, 60 mV/dec and 120 mV/dec, 
respectively, depending on the electrode materials used and on the potential range. 
Details for individual materials are given in later sections of this chapter. The 
electron transfer coefficient is a key factor determining the Tafel slope. For ORR, 
the transfer coefficient is dependent on temperature. On a Pt electrode, the transfer 
coefficient of ORR increases linearly with temperature in the range of 20-250 °C, 
following Equation 2.3 [4, 5]: 


a, 


0 rj! 

= a n T 


(2.3) 


where a 0 is the electron transfer coefficient of ORR, c/ ( \ equals 0.001678, and T 
is temperature in Kelvin. Relative humidity (RH) has also been found to affect the 
transfer coefficient [6]. Our recent study showed that in PEMFCs, at 120 °C the 
RH dependence of transfer coefficient change for ORR follows Equation 2.4: 

a 0 = (0.001552R// c +0.000139)T (2.4) 


where RH C is the relative humidity of the cathode compartment. 

2.1.2.2 Exchange Current Density 

Exchange current density is an important kinetic parameter representing the 
electrochemical reaction rate at equilibrium. For an electrochemical reaction. 


O + ne •<-> R 


(2.5) 
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both forward and backward reactions can occur. At equilibrium, the net current 
density of the reaction is zero. The current density of the forward reaction equals 
that of the backward reaction [3], This current density is called exchange current 
density. The magnitude of the exchange current density determines how rapidly the 
electrochemical reaction can occur. 

The exchange current density of an electrochemical reaction depends on the 
reaction and on the electrode surface on which the electrochemical reaction occurs. 
For example, on a Pt electrode, the exchange current density of hydrogen oxidation 
is several orders larger than that of ORR. The O 2 reduction reaction shows a higher 
exchange current density on a Pt electrode than on an Au electrode. Therefore, 
electrode materials or catalysts have a strong effect on ORR kinetics. Different 
materials can give different exchange current densities. Table 2.2 lists the ORR 
exchange current densities on various electrode materials. 


Table 2.2. ORR exchange current densities on various electrode materials 


Electrode 

material 

/catalyst 

ORR 

exchange 
current 
density, 
A.cm 2 

Electron 

transfer 

co¬ 

efficiency 

Electron 
transfer num. 

in rate 
determining 
step 

Measurement 

conditions 

Ref. 

Pt 

2.8 x 10" 7 

0.48 

- 

At Pt/Nafion 
interface at 30 °C 

7 

PtO/Pt 

1.7x 10~ 10 

0.46 

- 

At Pt/Nafion 
interface at 30 °C 

7 

FePc 

i.3xicr 7 

- 

- 

In pH 1.3 solution 

61 

PtFe/C 

2.15xl0“ 7 

0.55 

1 

In 0.5 M H 2 S0 4 at 
60 °C 

47 

PtW 2 C/C 

4.7x1 O' 7 

0.45 

2 

In 0.5 M H 2 S0 4 at 
25 °C 

75 

5.Oxl O’ 5 

0.47 

1 

Ru x Se y 

2.22xl0“ 8 

0.52 

1 

In 0.5 M H 2 S0 4 at 
25 °C 

67 

Ru x Fe y Se z 

4.47 xl0“ 8 

0.51 

1 

In 0.5 M H 2 S0 4 at 
25 °C 

68 


The exchange current density is related to the true electrode area and to the 
reactant concentration (or partial pressure, for a gas), especially for ORR on the Pt 
electrode in fuel cells. The tine electroactive area of Pt is significantly different 
from its geometric area, and the partial pressure of O 2 is not 1 atm. Thus, the 
intrinsic exchange current density should be used, which is shown in Equation 2.6 
[4]: 
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• o—apparent 

l o 2 


= {EPSA)J° 0i &)°° 
'<>2 


( 2 . 6 ) 


where is the apparent exchange current density; (EPSA) C is the 

electroactive Pt surface area of the cathode catalyst; is the intrinsic exchange 
current density; Pg is the standard 0 2 partial pressure; P a is the actual 0 2 
pressure; and a Q is the transfer coefficient of ORR. Since the apparent exchange 
current density does not reflect the tine situation of ORR, hereafter all reference to 
exchange current density will be to the intrinsic exchange current density. 

The exchange current density is also temperature dependent. The relationship 
between exchange current density and temperature follows the Arrhenius equation, 


J 0 „-(EJRT) 
J 0 2 e 


(2.7) 


where is the exchange current density at T = infinite, E a is the activation 

energy, and R, T have their usual significance. Studies on the temperature 
dependence of ORR on Pt electrodes have been investigated both in half-cells and 
in fuel cells. Parthasarathy et al. [7] investigated the temperature dependence of 
ORR kinetics at the Pt/Nafion interface, and Wakabayashi et al. [8] studied the 
temperature dependence of ORR kinetics at a Pt electrode in an acidic solution. 
Recently, we studied ORR kinetics in a wide temperature range (from 23 °C-120 
°C) in PEMFCs [4]. A wide range of ORR activation energy has been reported: 
from 21 to 83 kJ/mol for both Tafel regions, depending on the catalyst and method 
used. We reported values of 28.3 kJ/mol on a PtO/Pt surface and of 57.3 kJ/mol on 
a pure Pt surface, measured in a fuel cell environment [4]. 

2.1.3 Techniques Used in Electrocatalytic 0 2 Reduction Reactions 

The most frequently used techniques for ORR catalysis studies are steady-state 
polarization, cyclic voltammetry, rotating disk electrode (RDE), and rotating ring- 
disk electrode (RRDE). 

2.1.3.1 Steady-state Polarization 

Polarization means that the potential of the electrode surface shifts away from its 
equilibrium value, leading to an electrochemical reaction. In general, for an 
elementary electrochemical reaction, O + e <-> R, the polarization follows the 
Butler-Volmer equation [3]: 
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where z° is the exchange current density, ij c is the overpotential for the reduction of 

reactant O, and P is the symmetry factor. In the reaction, only part of the 
overpotential activates the forward reaction, and the symmetiy factor represents the 
fraction of the overpotential affecting the forward reaction. All other parameters 
have their usual significance. 

Most of the electrochemical reactions, however, are not elementary, especially 
for multiple electron transfer reactions. Even a 1-electron transfer reaction may 
involve several other steps. The whole reaction consists of multiple elementary 
reactions, including electron transfer steps and chemical steps. Each elementary 
reaction has a reaction rate. Each elementary step involving electron transfer gives 
a Butler-Volmer equation, and each chemical step gives a reaction rate equation. 
The whole reaction rate or electrochemical current is determined by the slowest 
step. Other steps also contribute to the whole reaction rate, depending on their 
reaction rates. Deduction of the whole reaction rate is complicated. In some cases, 
a chemical step is the rate determining step (rds). For example, in a carbon 
catalyzed ORR, adsorbed superoxide migration might be the rds (see Section 2.2, 
below). To simplify, for an electrochemical reaction involving multiple electron 
transfer, the rate determining step is considered a pseudo-elementary step with an 
electron transfer number of n. For ORR, n might be 1 or 2, depending on the 
catalysts used and the potential range. This pseudo-elementary step gives a current- 
overpotential relationship, as shown in Equation 2.9: 


cmFrj c (\—a)nFrj c 

i = i°(e RT -e RT ) (2.9) 

where n is the electron transfer number in the pseudo-elementary rate determining 
step, and a is the transfer coefficient representing the fraction of overpotential that 
activates the forward direction of the pseudo-elementary rate deteimining step. The 
exchange current density and Tafel slope have already been explained in Section 
2 . 1 . 2 . 

A steady-state polarization curve describes the relationship between the 
electrode potential and the current density, which is recorded by either holding the 
electrode potential and recording the stable current response, or holding the current 
density and recording the stable potential response. The criteria to evaluate a 
polarization curve depend on its application. In fuel cells, for both ORR and fuel 
cell performance, high current density is expected at lower overpotential (ORR) or 
at higher cell voltage (fuel cell), which gives maximum power density. Figure 2.1 
shows the steady-state polarization curves of a PEMFC at 23 °C and 80 °C [4]. At 
any current density, cell voltage obtained at 80 °C is higher than that at 23 °C, 
indicating the fuel cell shows better performance at 80 °C than at 23 °C. Fitting the 
polarization curves or plotting the overpotential vs. log (I) gives the Tafel slope 
and the exchange current density. We fitted the polarization curves of PEMFCs at 
low current density range (< 0.4 A/cm 2 ) and at high current density range (> 0.4 
A/cm 2 ), which resulted in two exchange current densities. For example, at 80 °C, 
on a PtO/Pt surface (< 0.4 A/cm 2 ), an exchange current density of 6.25x 10 f ' A/cm 2 
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was obtained for ORR, and on a Pt surface (> 0.4 A/cm 2 ), an exchange current 
density of 5.26xl0~ 6 A/cm 2 was obtained [4]. 



Figure 2.1. Polarization curves obtained at 23 °C and 80 °C with a backpressure of 30 psig. 

-2 

MEA active area: 4.4 cm . H,/Air gases with 100% relative humidity, adapted from [4], 
(Reprinted from Electrochimica Acta, 52(7), Song C, Tang Y, Zhang J, Zhang J, Wang El, 
Shen J, et al., PEM fuel cell reaction kinetics in the temperature range of 23-120 °C, 2552- 
61. ©2007, with permission from Elsevier.) 

2.1.3.2 Cyclic Voltammetry 

Cyclic voltammetry is the most useful technique in electrochemistry. It can quickly 
provide qualitative information about catalysts and electrochemical reactions, such 
as the electrochemical response of catalysts and the catalytic activity of the 
catalysts with respect to some electrochemical reactions. The principles of this 
technique have been discussed in detail in other chapters. Here, we simply look at 
the application of the technique in ORR catalyzed by surface adsorbed catalysts. 

Figure 2.2 shows the cyclic voltammogram of an FePcCli6 adsorbed graphite 
electrode in 0.1 M H 2 S0 4 solution. In the potential range of 1.15 V to -0.15 V, four 
waves (from high to low potential) - attributed to the redox pairs of Fe(IV)/Fe(III), 
Fe(III)/Fe(II), Fe(II)/Fe(I), and the macrocyclic ring redox pair, respectively - can 
be observed [9, 10]. 

The peak currents of the wave of Fe(III)/Fe(II) increase linearly with the 
potential scan rate, which is a typical feature of the reaction of an electrode surface 
adsorbed redox couple. From the slope, the electron number can be calculated 
according to the following equation [3, 9]: 
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where n . is the electron transfer number involved in the electrochemical 

r e ^c^'16 

reaction of Fe nl P c Cli 6 , A is the electrode area, v is the potential scan rate, and 
F Fe m Pci K ' s surface concentration of the adsorbed species. From the slope of I p 

vs. v, the surface concentration of FeP c Cli6 can be calculated. 



£ / V vsRHE 


Figure 2.2. Cyclic voltammogram of FePcCli 6 adsorbed on a graphite electrode at 20 °C. 
Supporting electrolyte: 0.1 M H 2 SO 4 . Potential scan rate: 100 mV.s ' 1 [9], (Reprinted from 
Electrochimica Acta (forthcoming), Baker R, Wilkinson DP, Zhang J. Electrocatalytic 
activity and stability of substituted iron phthalocyanines towards oxygen reduction evaluated 
at different temperatures. ©2008, with pennission from Elsevier.) 

The redox peak potential change that occurs with pFI change sheds light on the 
electrochemical reaction mechanism of the surface adsorbed species. For a reaction 
involving either a proton or OFF, e.g., 

O + mFI + + ne •<-> R 

the change in the formal potential (the average of the anodic potential and cathodic 
potential) vs. pFI follows Equation 2.11: 

m /? T 

E f = E° - 2.303- pH (2.11) 

nF 

where E 1 is the formal potential, E° is the Nernst potential, and the other terns 
have their usual significance [3, 10, 11]. 

In the case of FeP c Cli6, as shown in Figure 2.2, the peak potential of 
Fe(III)/Fe(II) as marked by the dotted line changes linearly with pH, and a slope of 
56 mV.pH _1 can be observed in the pH range of 0 to 14, which is reasonably close 
to a value of 58 mV.pH 1 (20 °C), a theoretically expected value for a reversible 
reaction involving one electron and one proton [9, 10]. 
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The onset potential and peak current demonstrate the catalytic activity of a 
catalyst. For example, CoHFPC has strong electrocatalytic activity towards oxygen 
reduction. Figure 2.3 compares the cyclic voltammograms of a bare graphite 
electrode (a) and a CoFIFPC-coated graphite electrode in air-saturated 0.1 M 
Na 2 S0 4 solution (b). Both electrodes catalyze the 0 2 reduction reaction, and the 
onset potential of ORR on the CoFIFPC-coated electrode is 100-200 mV earlier 
than that of the bare graphite electrode [12]. 


-1.00 -0.80 -0.60 -0.40 -0.20 0.00 0.20 0.40 0.60 0.80 



Figure 2.3. Cyclic voltammograms of (a) bare graphite electrode and (b) CoHFPC adsorbed 
graphite electrode, in air-saturated 0.1 M Na 2 S0 4 buffered at pH 6. Potential scan rate: 100 
mV.s" 1 [12]. (From Song C, Zhang L, Zhang J, Wilkinson DP, Baker R. Temperature 
dependence of oxygen reduction catalyzed by cobalt fluorophthalocyanine adsorbed on a 
graphite electrode. Fuel Cells 2007;7:9-15. ©2007 Wiley-VCH Verlag GmbH & Co. 
KGaA. Reproduced with pennission.) 

2.1.3.3 Rotating Disk Electrode 
Equations used for RDEs are as follows [3]: 


/ 



( 2 . 12 ) 


(the Koutecky-Levich equation) where / is the disk current density, I k is the kinetic 
current density, and 7/ ev is the Levich current density. I k can be expressed as 
Equation 2.13: 

I j f = nFA Kq 2 C 0i ^catalyst 


(2.13) 
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where n is the overall electron transfer number, A is the electrode area, C () is the 
concentration of dissolved 0 2 , and r catal is the surface concentration of the 
catalyst, or the catalyst loading. I/ ev can be expressed as Equation 2.14: 

2 1 1 

I kv =()2(Y\nFAC 0 piv W (2.14) 


where D 0 is the diffusion coefficient of 0 2 , v is the kinematic viscosity of the 

electrolyte solution, and a> is the rotation rate represented by rpm. 

An example of RDE application in ORR is shown in Figures 2.4 and 2.5. 
Figure 2.4 shows the RDE results obtained with a 5,10,15,20-Tetrakis 
(pentafluorophenyl)-21FI,23FI-porphine iron (III) (abbreviated as Fe m TPFPP) 
coated graphite electrode in air-saturated 0.1 M H 2 S0 4 solution. Figure 2.5 shows 
the Koutecky-Levich plot using results obtained from Figure 2.4. The slope of the 
Koutecky-Levich plot is the same as that of a 4-electron ORR theoretical line, 
meaning that the Fe m TPFPP can catalyze a 4-electron oxygen reduction reaction. 
The Fe m TPFPP-catalyzed ORR reaction constant was calculated to be 3.8 x 10 8 
mor'.cm 3 .s 1 [11]. 



Potential, V vs NHE 

Figure 2.4. Current-potential curves for Fe m TPFPP adsorbed on a rotating graphite disk 
electrode with different rotating rates, as marked on each trace, recorded in a 0.5 M H 2 SC >4 
air-saturated solution at 55 °C [11]. (Reproduced by permission of ECS—The 
Electrochemical Society, from Zhang L, Song C, Zhang J, Wang H, Wilkinson DP. 
Temperature and pH dependent oxygen reduction catalyzed by iron fluoro-porphyrin 
adsorbed on a graphite electrode.) 

For RDE data analysis, three non-electrochemical kinetic parameters, such as 
the diffusion coefficient of 0 2 , the kinematic viscosity of the electrolyte solution, 
and the solubility of 0 2 must be known accurately. These parameters are all 
temperature dependent. Their values are also slightly dependent on the electrolyte 
used. Table 2.3 lists these parameters at various conditions. 
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Figure 2.5. Koutecky-Levich plot using data from Figure 2.4. The theoretical line is 
calculated according to Levich theory for a 4-electron O 2 reduction process [11]. 
(Reproduced by permission of ECS—The Electrochemical Society, from Zhang L, Song C, 
Zhang J, Wang H, Wilkinson DP. Temperature and pEl dependent oxygen reduction 
catalyzed by iron fluoro-porphyrin adsorbed on a graphite electrode.) 


Table 2.3. Non-electrochemical kinetic parameters for RDE data analysis 


Experiment 
conditions (T, P, 
electrolyte) 

Diffusion 
coefficient of 

0 2 , cmV 

Kinematic 
viscosity of the 
electrolyte 
solution, cm 2 .s _1 

Solubility of 
0 2 , mol.cm 1 

Ref. 

0.1 MHCIO 4 , 
20°C, 1 atm 0 2 

1.67xl0~ 5 

- 

1.38xl0“ 6 

8 

0.5 M H 2 S0 4 , 
25°C, 1 atm 0 2 

1.4xl0 “ 5 

0.010 

l.lxlO -6 

68 

0.1 MKOH, 
25°C, 1 atm 0 2 

1.9xl0 “ 5 

- 

1 . 2 xl 0“ 6 

7 

1 M NaOH, 
25°C, 1 atm 0 2 

1.65xl0~ 5 

0.011 

8.4xl0 ~ 7 

15 

0.1 MTBAP 
quinoline, 25°C, 

1 atm 0 2 

1.71xl0~ 5 

0.033 

1.49xl0 “ 6 

92 


2.1.3.4 Rotating Ring-disk Electrode (RRDE) 

In the RRDE method, the O 2 reduction reaction occurring on the disk electrode 
produces intermediates, which can be detected on the ring and are used to deduce 
the ORR mechanism. An example is using RRDE to study the O 2 reduction 
reaction catalyzed by Pt/C catalysts with different particle sizes. On the disk, 2- 
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electron and 4-electron ORR can occur, and on the ring electrode, H 2 O 2 is further 
oxidized to H 2 0 [13]. 


n D vs SCE/v 

- 0.3 - 0.1 0.1 0 3 0.5 0.7 



Figure 2.6. Oxygen reduction current (a) on a disk electrode for active layers with different 
Pt mass ratios Pt/(Pt+C) and H 2 O 2 oxidation curves, (b) on the ring electrode (1 mV s” 1 ; 0.1 
M H 2 S0 4 ; 293 K; L» 3 pm; Nafion/caron volume ratio = 1; 10% Pt/(Pt+C): (0) d- 2.5 nm, 
S Pt = 7.6 cm 2 ; 20%: (0)d = 3.4 nm, S Pt =13.9 cm 2 ; 30%: (0)d = 4.1 nm, S Pt = 19.4 cm 2 ; 40%: 
(0)d =5.1 nm, Spt = 24.3 cm 2 ) [13], (With kind pennission from Springer Science+Business 
Media: Journal of Applied Electrochemistry, RRDE study of oxygen reduction on Pt 
nanoparticles inside Nafion®: H 2 O 2 production in PEMFC cathode conditions, 30, 2004, 
839-844, O. Antoine, Figure 1, ©2004 Springer.) 

The 2-electron reduction current (/, ) is given by 

I le =IJN (2.15) 

where /, is the 2-electron ORR on the disk electrode and N is the collecting 
coefficient number. The ORR current (/„) on disk electrode can be expressed as 
Equation 2.16: 


(2.16) 
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where I is the 4-electron ORR current. The following equation is used to obtain 
the average electron number (n ) involved in ORR: 



w _ 

e 



(2.17) 


By rearranging Equation 2.17, we get Equation 2.18, which is used to calculate 

n _ : 
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n _ 
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4/,. 


i d + i r /n 


(2.18) 


Figure 2.6 shows the ring-disk currents of ORR on different Pt/C catalyst with 
different particle sizes. Figure 2.7 shows the average electron transfer numbers 
calculated based on Equation 2.18. The numbers are close to 4 for all catalysts 
investigated, indicating a weak platinum particle size effect on FI 2 O 2 production. 
Larger particle size shows a higher proportion of FI 2 O 2 . 



Figure 2.7. Average number of exchanged electrons during oxygen reduction on the disk 
active layer. Data obtained based on Figure 2.6 [13]. (10% Pt/(Pt+C): (0) d = 2.5 nm, S Pt = 
7.6 cm 2 ; 20%: (0)d = 3.4 nm, S Pt = 13.9 cm 2 ; 30%: (0)d = 4.1 nm, S Pt = 19.4 cm 2 ; 40%: (0)d 
= 5.1 nm, S Pt = 24.3 cm 2 ). (With kind permission from Springer Science+Business Media: 
Journal of Applied Electrochemistry, RRDE study of oxygen reduction on Pt nanoparticles 
inside Nafion®: FECE production in PEMFC cathode conditions, 30, 2004, 839-844, O. 
Antoine, Figure 2, ©2004 Springer.) 


2.2 Oxygen Reduction on Graphite and Carbon 

It seems that all carbon materials have some electrocatalytic activity towards ORR 
in alkaline solutions [2], The materials that have been studied include graphite, 
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glassy carbon, active carbon, and carbon nano tubes [2, 14-22]. Depending on the 
type of carbon, the catalytic ORR activity and mechanism vary widely. For 
example, glassy carbon and pyrolytic graphite normally catalyze a 2-electron 
transfer oxygen reduction, producing H 2 0 2 . On an oxidized glassy carbon electrode 
[14] and oxidized graphite electrodes [15], the FI 2 O 2 can be further reduced to 
water at more negative potentials. On carbon nanotubes [16], the O 2 reduction 
product is H 2 0 2 or a mixture of H 2 0 2 and OFT, depending on the preparation 
method and potential of the carbon nanotube-modified electrode. 

2.2.1 Oxygen Reduction Reaction Mechanisms 

2.2.1.1 ORR on Graphite and Glassy Carbon 

Two mechanisms have been proposed for carbon-catalyzed ORR. On a glassy 
carbon electrode, the following reaction mechanism has been proposed [2]: 


C>2 —» 02(ads) 

(2.19) 

0 2 ( a ds) + C —> [02(ads)] 

(2.20) 

[C>2(ads)] C>2(ads) 

(2.21) 

0 2 (ads)" + H 2 0 -> H0 2(a ds) + OH' 

(2.22) 

H0 2 (ads) + e —» H0 2 (ads) 

(2.23) 

FIO2 (ads) HO2 

(2.24) 


The subscripts “ads” indicate the corresponding species are adsorbed on the 
electrode surface. The reactant and product in Reaction 2.21 are two different 
forms of the superoxide ion on the carbon surface. The left one is a relatively inert 
form adsorbed on an inert graphite site, and the right one is the same species, but 
migrating to an active site according to Reaction 2.21. It was confirmed that 
Reaction 2.21 was the rate determining step. However, Taylor et al. [14, 17] found 
that the rate determining step was dependent on pH. At pH >10, Reaction 2.21 was 
the rate determining step, and at pH <10, Reaction 2.20 was the rate determining 
step. 

On pyrolytic graphite electrodes, the first reaction was also proposed as 
Reaction 2.19, followed by: 

Fblads) + C ^ O 2 (ads) (2.25) 

20 2 "( a ds) + H 2 O -> O z + HOT + OH- (2.26) 

and the rate determining step was believed to be Reaction 2.25. 
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Figure 2.8. (a) Current-potential curves for 02-saturated 1.0 M NaOH solution at a polished 
glassy carbon disk electrode, T = 298 K. Potential scan rate: 5 mV/s; (b) response at a Pt 
ring held at 0.0 V vs. SCE during the potential scan at the disk. Rotation rates are given on 
the figure [21]. (Reprinted from Journal of Electroanalytical Chemistry, 382(1-2), Baez 
Victor B. and Pletcher Derek, Preparation and characterization of carbon/titanium dioxide 
surfaces—the reduction of oxygen, 59-64, ©1995, with permission from Elsevier.) 

For ORR current-potential curves recorded on either a graphite or a glassy 
carbon electrode surface, two waves were observed, both of which were attributed 
to the 2-electron transfer reduction of 0 2 , producing H 2 0 2 . Figure 2.8 shows the 
RRDE results for 0 2 reduction on a glassy carbon electrode. On the disk electrode, 
the first steep wave appears at the formal potential (Ei/ 2 ) of -0.34 V vs. SCE and 
the second one at Ei/ 2 = -0.78 V. The oxidation current at the ring shows that both 
waves correspond to FI 2 0 2 production. This 2-electron reduction occurs at two 
different potential ranges, suggesting that there are two kinds of ORR active sites 
on glassy carbon. In a further experiment with 1 M NaOH solution containing 5 
mM H 2 0 2 , no reduction wave was observed. This result confirmed that H 2 0 2 could 
not be further reduced on a glassy carbon electrode [21]. 

The ORR activity of a graphite electrode is dependent on graphite planes. The 
activity on an edge plane is higher than that on a basal plane, as shown in Figure 
2.9 [22]. This reflects the difference in electrocatalytic activity of these two 
orientations. This catalytic activity difference is mainly due to there being more 
functional groups on an edge plane than on a basal plane. 
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Figure 2.9. Current-potential curves for 0 2 -saturated 1 M KOH solution on high pressure 
annealed pyrolytic graphite: — edge plane, — basal plane [22], (Reprinted from 
Electrochimica Acta, 15(6), Morcos I. and Yeager E., Kinetic studies of the oxygen— 
peroxide couple on pyrolytic graphite, 953-75, ©1970, with permission from Elsevier.) 

2.2.1.2. ORR on Carbon Nanotubes 

Carbon nanotubes are a new kind of material with extensive applications. Recently, 
oxygen reduction reaction catalyzed by carbon nanotubes has been investigated by 
several groups [16, 20], which found that the catalyzed ORR was dependent on the 
preparation method for the carbon nanotube films. Zhang et al. [16] prepared 
multiwalled carbon nanotube (MWCNT) films by a dihexadecyl hydrogen 
phosphate (DHP) method on a glassy carbon electrode and found that the films 
could catalyze 0 2 reduction by two 2-electron processes, producing OH". At a 
potential range of-0.4 —0.8 V vs. Ag/AgCl, the first reduction current plateau on 
the RDE curve was observed, and was attributed to a 2-electron process producing 
H 2 0 2 . At potentials more negative than -0.9 V, a second plateau appeared, which 
was attributed to the further reduction of H 2 0 2 , producing OH" (see curve 1 ’ in 
Figure 2.10). Jurmann et al. [20] prepared similar films using the same method on 
a highly oriented pyrolytic graphite electrode, and reported that the first 2-electron 
process could be observed at the potential range of -0.4 —0.6 V vs. SCE, while 
the second plateau was not clearly discerned. A mixture process of 2- and 4- 
electron reduction could be observed at more negative potentials. Jurmann et al. 
[20] also found that on MWCNT films prepared by the 
poly(diallyldimethylammonium chloride) method, the electron transfer number of 

ORR was in the range of 3 - 3.5 at the potential range of -0.4-1.2 V. Figure 

2.10 shows the results, together with those obtained on a bare glassy carbon 
electrode for comparison. It can be seen that on a glassy carbon electrode, the ring 
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current increases as disk current increases in the potential range of-0.4 to —1.2 V. 
However, on an MWCNT-modified electrode, the ring current decreases as the 
disk current increases in the similar potential range, indicating less H 2 O 2 is 
produced. 



E / V vs. Ag/AgCl (KCI-sat.) 

Figure 2.10. RRDE voltammograms for 0 2 reduction at the PDDA/MWCNTs/GC (curve 1) 
and bare GC (curve 2) disk electrodes in 0 2 -saturated 0.10 M KOH solution. Curves 1’ and 
2’ represent the current for the oxidation of HOC produced at the corresponding disk 
electrodes. Potential scan rate: 10 mV/s; electrode rotating rate: 400 rpm. The Pt ring 
electrode was polarized at +0.50 V for the oxidation of H0 2 _ [16]. (Reprinted with 
permission from Langmuir 2004;20;8781-5. Copyright 2004 American Chemical Society.) 

2.2.1.3. ORR on Heteroatom Doped Carbons 

Doping carbon with heteroatoms such as nitrogen can change the carbon’s 
properties. For example, nitrogen (N)-doped carbon shows high oxidation 
resistance capability and higher catalytic activity toward ORR. Maldonado and 
Stevenson [23] found that N-doped carbon fiber showed improved catalytic 
activity by shifting the ORR potential up by 70 mV (Figure 2.11), and the electron 
transfer number of ORR catalyzed by N-doped carbon fiber was close to 4. They 
discussed that N-doped carbon can not only catalyze 0 2 reduction reaction but also 
catalyze H 2 0 2 decomposition [23]. 
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Figure 2.11. Background subtracted voltammetric responses of a nondoped CNF electrode 
(dashed line) and an N-doped CNF electrode (solid line) immersed in an 0 2 -saturated 1 M 
KNO3 solution. Scan rate = 0.1 V s -1 [23], (Reprinted with permission from J Phys Chem B 
2005;109.10:4707-16. Copyright 2005 American Chemical Society.) 

The active sites in N-doped carbon are carbon atoms adjacent to the N atom. 
Using a cluster model, Sidik et al. [24] did theoretical calculations and found that 
carbon radical sites adjacent to the substitutional N showed strong bonding ability 
to adsorbed OOH, favoring the production of H 2 0 2 [24], which improves its 
catalytic activity. 

2.2.1.4 ORR on Pre-treated Carbon Surface 

Pre-treatment of carbon materials can significantly improve their catalytic activity 
towards ORR and change their electrochemical behavior. A variety of treatment 
methods have been used, including polishing the electrode, radio frequency plasma 
treatment, heating at low pressures, in situ laser irradiation, vacuum heat treatment, 
chemical oxidation, and electrochemical oxidation [25-28]. 

It is not clearly understood why pre-treatment of carbon surfaces improves their 
catalytic activity. Pre-treatment does create more surface functional groups, and 
exposes fresh carbon edges, microparticles, and defects [25-27]. Jia et al. [28] 
found that pre-treatment of carbon supports and Pt-loaded carbon supports resulted 
in ionic resistance decrease, indicating that surface functional groups such as 
carboxylic acid were generated. Pre-treatment also might increase the surface area 
of carbon by generating porous surface films [29]. Sullivan et al. [29] found that 
surface oxidation of glassy carbon at 1.95 V vs. SCE leads to the formation of 
porous carbon film, and that the film thickness increased linearly with oxidation 
time. Overall, pre-treatment of carbon can change its surface state. The surface 
groups or changed surface state facilitate ORR by acting as an electron transfer 
mediator or by increasing adsorption sites for 0 2 " species, which enhances the 
kinetics of ORR. 

Figure 2.12 shows the current-potential curves of an unoxidized glassy carbon 
electrode that had then been oxidized at 2 V vs. RHE in 0.5 M H 2 S0 4 at different 
times. Increasing the oxidization time resulted in decreased ORR onset potential 
and increased ORR reduction current. 

Pretreated carbon also affects the activity of other catalysts supported on it. For 
example, pretreatment of a carbon support followed by deposition of Pt on it and 
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treatment of carbon-supported Pt also resulted in significant increases in the ORR 
catalytic activity of Pt. Jia et al. [28] reported that an untreated catalyst (Pt 
deposited on untreated carbon supports) gave a kinetic current of 0.3+0.1 mA at 
0.6 V vs. SCE, while Pt deposited on pretreated carbon showed a kinetic current of 
1.6+0.7 mA, and posttreated carbon-supported Pt catalyst (refluxing carbon- 
supported Pt catalyst in nitric acid) could give a kinetic current of 7.7+1.7 mA. 



E/(Vvs. RHE) 


Figure 2.12. Hydrodynamic voltammograms for Cb reduction at a bare glassy carbon RDE 
in Ch-saturated 0.5 M H 2 SO 4 . Glassy carbon surface oxidation time: 0 min (dashed line); 1 
min (thin line); 5 min (thick line); 20 min (very thick line). Scan rate: 10 mV/s; rotation 
speed: 2000 rpm [27]. (Reprinted from Journal of Electroanalytical Chemistry, 527(1-2), 
Marayama J, Abe I, Cathodic oxygen reduction at the interface between Nafion® and 
electrochemically oxidized glassy carbon surfaces, 65-70, ©2002, with pennission from 
Elsevier.) 

2.2.2 Kinetics of the ORR on Carbon Materials 

On a glassy carbon electrode, the Tafel slope was observed to be 60 mV/dec in 
alkaline solutions, and at pH < 10, the Tafel slope was 120 mV/dec. These values 
are in accordance with the proposed mechanisms. In the case of 120 mV/dec, the 
first electron transfer is the rate determining step. In the case of 60 mV/dec, the 
current-potential relationship observed from the multiple-electron transfer process 
of ORR on carbon electrodes was expressed as Equation 2.27, given by Taylor and 
Humffray [14, 17]: 


/ - *0 - rj3) - exp[-(— + rj3) } (2.27) 

v RT v RT 

where 77 is the overpotential, y is the number of electrons transferred before the 
rate determining step (rds), n is the number of electrons involved in the overall 
reaction, ft is the symmetry factor of the rds, r is the number of electrons 
transferred in the rds if the rds involves charge transfer (if no electron transfer is 
involved in the rds, r = 0), and v is the stoichiometric number of the reaction. 
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The stoichiometric number v was evaluated from the current-potential 
measurements in the region of low overpotential, according to the following 
relation: 


0/7 vRT 

v /i — >0 j-,. 

ci nFi 0 


(2.28) 


On carbon materials, v usually equals 1. Using Allen and Hickling’s graphical 

RT 

treatment, Taylor and Humffray found that the Tafel slope is 2.303- and 

( Y + rp)F 
v 

that its numerical value is 60 mV/dec. This indicates that y = 1 and r = 0, meaning 
that the migration step is the rds. 

2.2.3 Catalytic Sites on Carbon Materials 

The catalytic ORR activity of carbon materials is generally attributed to the 
quinone groups [2]. Yeager [2] cited Garten and Weiss’s mechanism for 0 2 
reduction on carbon surfaces, as shown in Figure 2.13. A similar mechanism was 
also proposed for a carbon nanotube surface, as in Figure 2.14 [16], Although this 
mechanism has not been confirmed, electrodes modified with a variety of quinone 
compounds have shown great catalytic activity towards 2-electron oxygen 
reduction reaction for FI 2 O 2 production (see Section 2.3). 



Figure 2.13. Garten and Weiss’s mechanism for reduction on carbon surface [2], (Reprinted 
from Journal of Molecular Catalysis, 38(1-2), Yeager Ernest, Dioxygen electrocatalysis: 
mechanisms in relation to catalyst structure, 5-25, ©1986, with permission from Elsevier.) 
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Figure 2.14. Mechanism of 0 2 reduction on carbon nanotube surface [20], (Reprinted from 
Journal of Electroanalytical Chemistry, 597(2), Jurmann Gea and Tammeveski Kaido, 
Electroreduction of oxygen on multi-walled carbon nanotubes modified highly oriented 
pyrolytic graphite electrodes in alkaline solution, 119-26, ©2006, with permission from 
Elsevier.) 


2.3 Oxygen Reduction Catalyzed by Quinone and Derivatives 

As discussed above, the surface quinone group on a carbon electrode can catalyze a 
2-electron 0 2 reduction reaction, producing EECE. This ORR process has attracted 
significant attention in terms of fundamental understanding and applications [30- 

41]. 

2.3.1 AO Process for 0 2 Reduction to Produce H 2 0 2 

H 2 0 2 , a product of the 2-electron transfer reduction of 0 2 , has wide industrial 
applications, including pulp and paper, textiles, chemical synthesis, as well as 
environmental protection such as waste-water treatment. The most commonly used 
industrial production procedure is the anthraquinone process, or “AO process”. The 
chemical reaction involved in the process is expressed in Figure 2.15. 

The catalyst used in this process is Raney Ni, or Pd/Al 2 03 . Anthraquinone 
dissolved in a solvent mixture was hydrogenated by the catalyst, then oxidized 
with air. By this method, H 2 0 2 can be produced and the starting material, 
anthraquinone, recovered [31]. In the process, anthraquinone degradation is a 
problem and results in decreased efficiency. Researchers are therefore tiying to 
replace the chemical reduction step of anthraquinone with electrochemical 
reduction [30, 32, 33]. 
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Figure 2.15. The anthraquinone process (AO process) to produce H 2 0 2 [30], (With kind 
permission from Springer Science+Business Media: Journal of Applied Electrochemistry, 
Electrochemical reduction of 2-ethyl-9,10-anthraquinone (EAQ) and mediated formation of 
hydrogen peroxide in a two-phase medium Part I: Electrochemical behaviour of EAQ on a 
vitreous carbon rotating disc electrode (RDE) in the two-phase medium, 29, 2004, 11-16, A. 
Huissoud, Scheme 1, ©Springer.) 


2.3.2 ORR Mechanism Electrochemieally Catalyzed by Quinone 

The 0 2 reduction of 0 2 catalyzed by the quinone group is proposed to proceed by 
the following electrochemical-chemical (EC) process [30, 37]: 


Q + e-> Q" 

(2.29) 

Q*" + 0 2 —> 0 2 *" + Q 

(2.30) 

0 2 * + H 2 0 + e —> H0 2 

(2.31) 

20 2 " + H 2 0 -> H0 2 + 0 2 + OH' 

(2.32) 


where Q represents the quinone group. Reaction 2.30 was considered to be the rate 
determining step. Quinones with different substituted groups, such as ethyl group 
modified anthraquinones, were also investigated in order to improve the catalytic 
activity and stability [38]. 


2.4 Oxygen Reduction on Metal Catalysts 

2.4.1 ORR Mechanism on Pt 

Oxygen reduction reaction on a Pt electrode has been the most extensively studied 
mechanism. This catalytic ORR is a multi-electron process with a number of 
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elementary steps, involving different reaction intermediates. The simplified version 
of the mechanism is shown in Figure 2.16; the only two products are H 2 0 2 and 
H 2 0. RRDE measurements show that on a Pt surface, O? reduction is a major 4- 
electron transfer process from 0 2 to H 2 0 in both acid and alkaline aqueous 
electrolytes if adsorbed impurities are absent [42]. At this point, the mechanism of 
ORR on Pt is still not well understood. 


o, 



Figure 2.16. The oxygen reduction reaction mechanism on Pt [42], (Reprinted from Surface 
Science Reports, 45(4-6), Markovi N. M. and Ross P. N., Surface science studies of model 
fuel cell electrocatalysts, 117-229, ©2002, with permission from Elsevier.) 


The mechanism shown in Figure 2.16 indicates that 0 2 can be reduced either 
directly to water (direct 4-electron reduction) electrochemically with the rate 
constant k b or to adsorbed hydrogen peroxide (FI 2 0 2iad ) with the rate constant k 2 
(“series” 2-electron reduction). H 2 0 2>a d can be further reduced to water with the 
rate constant k 3 , chemically decomposed on the electrode surface (k 4 ), and/or 
desorbed into the electrolyte solution (k 5 ). Some experimental results suggest that a 
series pathway via an (FI 2 0 2 ) a d intermediate is the most possible pathway. For 
example, only a very small amount of F1 2 0 2 could be observed during ORR, and 
the electron transfer number is close to 4. This series ORR mechanism suggests a 
special case of ki = 0. 

The ORR mechanism on Pt has also been investigated by theoretical calculation 
based on the electronic structure, using density functional theory [43-45]. The 
dissociative mechanism and the associative mechanism are proposed for a low 
current density range and a high current density range, respectively [43, 44]: 

(1) Dissociative Mechanism: 


l/20 2 + * ->• 0* 

(2.33) 

O* + H + + e—» OH* 

(2.34) 

OH* + H + + e ->• H 2 0 + * 

(2.35) 


where * denotes a site on the Pt surface. In this mechanism, no H 2 0 2 is produced. 
On a Pt surface, 0 2 adsorption breaks the 0-0 bond and forms adsorbed atomic O, 
which further gains two electrons in the two consecutive steps, forming water. 
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Since there is no adsorbed O 2 on the Pt surface, H 2 O 2 cannot be formed. This 
mechanism can be considered a detailed form of the direct 4-electron pathway. 

(2) Associative Mechanism: 


0 2 + * -> o 2 * 

(2.36) 

0 2 * + H + + e-> H0 2 * 

(2.37) 

H0 2 * + H + + e H 2 0 + O* 

(2.38) 

O* + H + + e ->• OH* 

(2.39) 

OH* + H + + e ->• H 2 0 + * 

(2.40) 


This mechanism also does not involve H 2 O 2 . Since adsorbed O 2 is present, the 
0-0 bond may not be broken in the following steps, resulting in the formation of 
H 2 0 2 . The H 2 0 2 could either be further reduced to H 2 0 or be a final product. 
Therefore, this mechanism might be an alternative expression of that in Figure 
2.16. 

2.4.2 Mixed Pt Surface and Rest Potential on Pt 

The thermodynamic potential of ORR (1.23 V vs. NFIE at standard conditions) is 
so high that no electrode materials can remain pure. At 1.23 V, electrode materials 
undergo oxidation, which changes their surface properties. 

On Pt and at high potential, the following reaction occurs: 

Pt + I/ 2 O 2 -»PtO E° = 0.88 V (2.41) 

Thus, in the presence of 0 2 , the Pt surface is a mixture of Pt and PtO. Therefore, a 
steady-state open circuit potential (OOP) of 1.23 V is rarely observed, due to the 
formation of PtO. Rather, the steady-state rest potential of a Pt electrode in O 2 
saturate 1 M FI 2 SO 4 is 1.06 V, a mixed value of the thermodynamic potential of 
02 /PI 20 and of Pt/PtO, because two reactions occur: Pt oxidation and O 2 reduction 
[46], 

For Pt oxidation, the oxidation current-overpotential relationship is given by 

n g.PtlPtO a a.PtlPl0^ r ]ptlPtO n a,Pt / PlO^~ a a,Pt / PlO^^IPt / PlO 

IptiPto — htiPto( e RT ~ e RT ) (2.42) 


where I Pl/Pt0 is the Pt oxidation current, i Pl/Pl0 is the exchange current density of 
Pt oxidation, n a Pl/Pl0 is the apparent electron transfer number in the 
electrochemical reaction, a a Pl/Pt0 is the electron transfer coefficient, and 
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i l n p t/Pt0 = E res> - 0.88 is the overpotential ( E rest is the steady-state rest potential of 
the system). 

Assuming the overpotential is small, this equation can be approximated as 
follows: 


1 a ,Pt / PtO 1 

RT 


-(E res ‘- 0.88) 


(2.43) 


For the 0 2 reduction reaction on Pt, a similar equation can be written as: 


/ 


o 2 /h 2 o 


RT 


-(1 ,23-E res ‘) 


(2.44) 


where I () j n j, is the 0 2 reduction current, /^, //0 is the exchange current density of 
0 2 reduction, n „,o,nip ' s the apparent electron transfer number in the 
electrochemical reaction, cc aO ^ H0 is the electron transfer coefficient, and 
E rest - 0.88 is the overpotential. 

Since no net current is flowing from the system or given to the system, 

Iptipto = ^o 2 ih 2 o ■ Thus, 


l a,Pt! PtO 1 Pt / PtO 


•ipti P to(E ra> - 0 . 88 ) = « 


a,0 2 IH 2 0‘0 2 /H 2 0 


( 1.23 -E"*) 


(2.45) 


Assuming the exchange current density and apparent electron transfer number for 
Pt oxidation and 0 2 reduction are the same, the value of E resi can be obtained 
through Equation 2.45, and is 1.06 V. However, the value of this rest potential can 
be changed by altering the extent to which PtO covers the electrode surface. 

2.4.3 ORR Kinetics on Pt 


The electrode potential can play a significant role in changing the Pt surface 
structure in the presence of 0 2 , due to the mixed potential discussed above. At 
higher potentials (> 0.8 V), the electrode surface is a mixture of Pt and PtO, while 
at lower potentials, the Pt surface is pure Pt. Thus, the kinetics of 0 2 reduction on 
Pt is not expected to be the same in different potential ranges. Figure 2.17 shows 
the two Tafel slopes observed for ORR on a Pt electrode surface [8], At a low 
current density range (high potential), a Tafel slope of 60 mV/dec was obtained. At 
a high current density range (low potential), a value of 120 mV/dec was observed. 
The difference in Tafel slope indicates that the mechanism on a Pt/PtO surface is 
different from that on a pure Pt surface. On a Pt/PtO surface, the rate determining 
step is a pseudo 2-electron procedure, which gives a Tafel slope of 60 mV/dec. 
However, on a pure Pt surface, the first electron transfer is the rate determining 
step, resulting in a Tafel slope of 120 mV/dec. 



114 C. Song and J. Zhang 



Figure 2.17. Tafel plots for oxygen reduction reaction at a Pt working electrode [8], 
(Reprinted from Journal of Electroanalytical Chemistry, 574(2), Wakabayashi Noriaki, 
Takeichi Masayuki, Itagaki Masayuki, Uchida Hiroyuki and Watanabe Masahiro, 
Temperature-dependence of oxygen reduction activity at a platinum electrode in an acidic 
electrolyte solution investigated with a channel flow double electrode, 339^-6, ©2005, with 
permission from Elsevier.) 

Using a DFT model, Norskov et al. [44] calculated the dissociative mechanism 
and gave a Tafel slope of 60 mV/dec. Unfortunately, the literature does not devote 
enough attention to the associative mechanism. 

The ORR exchange current density on a Pt electrode can be obtained by 
extrapolating the potential-log(I) plot along the Tafel line to the thermodynamic 
potential. Two Tafel slopes give two exchange current densities, one at a low 
current density (high potential), and the other in a high current density range (low 
potential). The values of the ORR exchange current densities on Pt vary widely in 
the literature, depending primarily on the morphology of the Pt catalyst. This can 
also be seen in Table 2.2. For example, Parthasarathy et al. [7] reported that the 
values on a Pt wire/Nafion membrane interface at 80 °C are 1. 8 x 1 () x A/cm 2 at high 
potential range (low current density, with Tafel slope of 60 mV/dec) and 1 ,4 X 10 6 
A/cm 2 at low potential range (high current density, with a Tafel slope of 120 
mV/dec). Our recent study on the kinetics of ORR in PEM fuel cells showed that at 
80 °C, the exchange current density is 6.25 x 1 () 6 at high potential range (low 
current density) and 3.87 x 10 4 A/cm 2 at low potential range (high current density), 
respectively [4]. For the catalyst, we used Pt nanoparticles supported on Vulcan 
carbon. 

2.4.4 ORR on Pt Alloys 

The catalytic activity of Pt towards ORR strongly depends on its 0 2 adsorption 
energy, the dissociation energy of the 0-0 bond, and the binding energy of OFI on 
the Pt surface. The electronic structure of the Pt catalyst (Pt d -band vacancy) and 
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the Pt-Pt interatomic distance (geometric effect) can strongly affect these energies 
[47]. Theoretical calculations on O 2 and OH binding energy on several metals have 
predicted that Pt should have the highest catalytic activity among other metals with 
the ORR activity of Pt > Pd > Ir > Rh, which is in agreement with the experimental 
results. Regarding the Pt alloy catalysts, calculations have also predicted that PtM 
(M=Fe, Co, Ni, etc.) alloys should have higher catalytic activity than pure Pt, 
which has again been proven by experiments [44]. 

The activity enhancement that occurs when Pt is alloyed with other metals is 
explainable by the change in electronic structure (the increased Pt c/-band vacancy) 
and in geometric effect (Pt-Pt interatomic distance). Alloying causes a lattice 
contraction, leading to a more favorable Pt-Pt distance for the dissociative 
adsorption of O 2 . The c/-band vacancy can be increased after alloying, producing a 
strong metal-0 2 interaction then weakening the 0-0 bonds. Figure 2.18 shows the 
Tafel plots of Pt and PtFe alloys for the O 2 reduction reaction. The Tafel slopes for 
the two catalysts are the same. However, the exchange current density of oxygen 
reduction on PtFe is higher than on Pt. In the Tafel region of 120 mV/dec, the 
exchange current density for a Pt catalyst is 1.63 x 10 s A/cm 2 , while that for PtFe 
catalysts is 2.15x 10 7 A/cm 2 , indicating a nine-fold increase [47]. 



Figure 2.18. Tafel plots for ORR in 0.5 M H 2 S0 4 011 different catalysts; bi cl j: Tafel slope at 
low current density; b), cd : Tafel slope at high current density [47]. (With kind permission 
from Springer Science+Business Media: Journal of Applied Electrochemistry, 
Electrocatalytic behaviour for oxygen reduction reaction of small nanostructured crystalline 
bimetallic Pt-M supported catalysts, 36, 2006, 1143-1149, A. Stassi, Figure 9, ©Springer.) 

Stamenkovic et al. [48] recently found that on Pt 3 Ni, the 0 2 reduction reaction 
is 90 times faster than on pure Pt. Unfortunately, dissolution of the transition metal 
alloyed in the PtM catalysts is a major drawback because these transition metals 
are electrochemically soluble at a potential range between 0.3 to 1 V vs. NHE in 
low pH media [47]. More effort is needed to solve this problem. 
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2.4.5 Catalytic ORR on Other Metals 

Oxygen reduction reaction on other metal surfaces such as Au, Ir, Rh, etc. has also 
been extensively investigated [46]. However, these metals show lower catalytic 
activity towards ORR than Pt; in addition, they are not electrochemically stable 
(and therefore are more easily oxidized than Pt). 



AE 0 (eV) 


Figure 2.19. Trends in oxygen reduction activity plotted as a function of the oxygen binding 
energy [44], (Reprinted with pennission from J Phys Chem B 2004;108:17886-92. 
Copyright 2004 American Chemical Society.) 
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Figure 2.20. Trends in oxygen reduction activity plotted as a function of both the O and the 
OH binding energy [44], (Reprinted with permission from J Phys Chem B 2004; 108:17886— 
92. Copyright 2004 American Chemical Society.) 
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Figure 2.19 shows the trend in oxygen reduction activity as a function of the 
oxygen binding energy, and Figure 2.20 shows the trend as a function of both the 
O and the OFI binding energy. Both figures show that Pt is the most active ORR 
catalyst. 


2.5 ORR on Macrocyclic Transition Metal Complexes 

2.5.1 ORR Mechanisms Catalyzed by Transition Metal Macrocyclic 
Complexes 

Transition metal macrocyclic complexes can catalyze the 0 2 reduction reaction 
through a 2-electron or 4-electron transfer pathway to produce either Ft 2 0 2 or FLO. 
Sometimes, they can also catalyze ORR through a mixed pathway of 2- and 4- 
electron transfer reduction. In rare cases, transition metal macrocyclic complexes 
can also catalyze a 1-electron 0 2 reduction, producing superoxide ions. 

The catalytic reaction mechanism is proposed to be a modified “redox 
catalysis” procedure [1, 49]. In the first step, the adduct between oxygen and the 
metal ion center of the macrocyclic compound is formed, followed by an intra¬ 
adduct electron transfer from the metal ion to the oxygen. The addition of protons 
from the electrolyte, together with the electron transfer, then produces F1 2 0 2 . The 
FI 2 0 2 is either the final product or can be further reduced to produce water, 
depending on the individual transition metal macrocyclic compounds used. The 
mechanism can be summarized as follows: 


[LMe 11 ] + 0 2 

<-> [LMe s+ .O, 5 ] 

(2.46) 

[LMe 8+ . 

,0 2 s ] + H + -> [LMe 111 .0.H] + 

(2.47) 

[LMe 111 . 

,0 2 H] + + H + + 2e" -> [LMe 11 ] + H 2 0 2 

(2.48) 

H 2 0 2 + 2e" +2H + -> 2H 2 0 

(2.49) 

h 2 o 2 h 2 o + i/20 2 

(2.50) 


where L represents the ligand and Me is the metal center. 

2.5.2 Transition Metal Macrocycles as ORR Catalysts 

2.5.2.1 Metal Centers and the Ligand Effect on ORR Activity’ 

The catalytic activity of transition metal macrocyclic compounds towards ORR 
strongly depends on the individual transition metal center and the macrocyclic 
ligand, as well as the size of the n electron system. Compounds studied previously 
include a variety of metal centers and ligands. The transition metals used in 
macrocyclic catalysts include Fe, Co, Ni, and Cu, and the macrocyclic ligands 
include chelating atoms N 4 , N 2 0 2 , N 2 S 2 , O 4 , and S 4 . The conjugate ji electron 
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compounds usually include metal phthalocyanine and porphyrin, as well as their 
derivatives [1, 49]. 

The activity of these compounds changes with respect to the central metal ions 
in the following order: Fe>Co>Ni>Cu. For a metal center, the chelating atoms of 
the macrocyclic ring can also change the ORR activity. For example, the active 
sequence of Fe complexes is as follows: N 4 >N20 2 >N 2 S2>0 4 «S 4 (inactive); for Co 
centers: N 2 0 2 >N4>N 2 S 2 >0 4 «S 4 ; for Cu centers: N 4 >0 4 >N202>N 2 Si>S 4 (inactive); 
and for Ni centers: 0 4 >N202>N 2 S 2 >N 4 . With respect to these active sequences, 
recent research has mainly focused on Fe and Co centers, and for macrocyclic 
rings, on the N 4 system. In this section, the discussion will focus on the Fe-N 4 and 
Co-N 4 systems. 

2.5.2.2 M-N 4 ORR Catalysts 

M-N 4 complexes can strongly and irreversibly adsorb on a graphite electrode 
surface to form a monolayer or multilayers of ORR catalysts. This adsorption can 
create a well-defined electrode surface, then provide a theoretical treatable 
situation for fundamental understanding of the catalyst activity and mechanism 
[50-52], 

For Fe-based N 4 catalysts (Fe-N 4 ), the ORR normally takes a 4-electron transfer 
pathway to produce H 2 0, as reported by Zagal et al. [50]. Shi et al. [51] found that 
oxygen reduction catalyzed by Fe tetrakis(4-N-methylpyridyl) porphyrin produced 
a mixture of H 2 0 and H 2 O 2 . With respect to the ligand effect, Shigehara et al. [52] 
found that ligands had a strong effect on the ORR activity catalyzed by Fe 
porphyrins; both Fe meso-tetraphenylporphine (FeTPP) and Fe protoporphyrin IX 
(FePPIX) can catalyze a 4-electron oxygen reduction, while Fe meso-tetra(3- 
pyridyl)porphine (FeTPyP) only catalyzes a 2-electron oxygen reduction [51, 52]. 
Nonetheless, in most cases, Fe-N 4 can catalyze 4-electron oxygen reduction and the 
product is water. 

In general, mononuclear Co-N 4 complexes can only catalyze 2-electron 0 2 
reduction reaction. Zagal et al. [50] studied Co and Fe tetrasulfonate 
phthalocyanines and found that the Co complex only catalyzed a 2-electron oxygen 
reduction process. However, bi-nuclear Co-N 4 complexes or Co-N 4 dimers have 
some different behaviors from those of mononuclear Co-N 4 complexes. They can 
catalyze not only 2-electron but also 4-electron 0 2 reduction reactions. A planar bi¬ 
cobalt complex such as (CoVTAPH) 41 , as shown in Figure 2.21, catalyzes a 4- 
electron reduction of 0 2 in alkaline solutions. This catalytic activity was found to 
be due to the interaction between 0 2 and the Co metal centers. This interaction can 
effectively weaken the 0-0 bond, rendering it easily broken. Furthermore, face-to- 
face di-Co-N 4 complexes also favor a 4-electron transfer pathway, depending on 
the Co-Co distance in the molecules (Figure 2.22). When the Co-Co distance is 
around 4 A, the 0-0 bridge between the Co-Co centers can be formed as shown in 
Figure 2.23, resulting in a 4-electron transfer of ORR. If the Co-Co distance is 
larger or smaller, only the 2-electron transfer pathway to peroxide is favored. This 
can be explained by the formation of a cis- or trans-configuration (Figure 2.23). 
The cis-configuration favors the 4-electron ORR to H 2 0, while the trans- does not 
[53], 
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biscorrole complexes, (BCY)Co 2 , both contain two Co(III) ions in their air-stable 
forms. It was found that all of these complexes could catalyze the direct 4-electron 
pathway for O 2 reduction to H 2 0 in aqueous acidic electrolyte. The most efficient 
catalysis process was observed when the complex had an anthracene spacer. This 
catalyzed 4-electron transfer pathway was further confirmed by RRDE 
measurement. Only a relatively small amount of hydrogen peroxide was detected at 
the ring electrode in the vicinity of E vl \ 0.47 V vs. SCE for (PCA)Co 2 and 0.39 V 
for (BCA)Co 2 , respectively. The cobalt(III) monocorrole (Me 4 Ph 5 Cor)Co could 
also catalyze ORR at Ey 2 = 0.38 V, with the final products being an approximate 
50% mixture of H 2 O 2 and H 2 0. 



Figure 2.24. Co-corrole compounds for 0 2 reduction reaction [54], (Reprinted with 
permission from J Am Chem Soc 2005;127:5625-31. Copyright 2005 American Chemical 
Society.) 

Theoretical approaches have in addition predicted that the substituents on the 
macrocyclic rings can also affect ORR catalytic activity. Co-phthalocyanine 
complexes with electron donating substituents should show improved ORR 
catalytic activity because the substituents can increase the binding energy between 
O 2 and the metal center(s) [55]. Calculation indicates that the catalytic activity of 
the transition metal macrocyclic complexes is due to the partial electron transition 
between the filled d x: , d yz , and empty d_ 2 orbitals of the transition metals, and the 

anti-bonding ji orbitals of 0 2 . Based on molecular orbital theory, Alt et al. [56] 
explained that in the interaction between 0 2 and a transition metal, electron 
transition occurs first from oxygen into the empty d_ 2 orbital, forming a a bond, 

lowering the anti-bonding ji orbitals and raising the energy of the d xz and d yz 
orbitals of the transition metals, thus allowing the electron transition from these 
filled orbitals to the anti-bonding n orbital, and resulting in enhanced interaction. 
The order of catalytic ORR activity for both the tetramethoxyphenylporphyrin 
(TMPP) and the dihydrodibenzotetraazaannulene (DHDBTAA) systems is: 
Co>Fe>Ni«Cu. This order can be well explained in terms of molecular orbital 
theory [49, 56]. 

2.5.23 Heat-treated Transition Metal Macrocyclic Complexes 

Normally, transition metal macrocyclic complexes do not have long-term stability 

in concentrated acidic or alkaline solutions. It has been found that thermal 
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treatment of these compounds after they have been adsorbed on high-surface-area 
carbon support particles in the temperature range of 450-900 °C not only increases 
their stability, but also improves their catalytic activity [1, 2, 57]. The thermal 
treatment was performed in an inert atmosphere, where pyrolysis of the compounds 
would occur. Thermal treatment temperature can affect the stability and catalytic 
activity of the M-N 4 compounds, and usually high temperature (> 800 °C) is 
necessary to obtain stable catalysts. 

Although heat treatment can destroy the macrocyclic ring, the N 4 ring structure 
in porphyrin and similar macrocycles is still retained. Heat treatment can also be 
performed by heat-treating the macrocycles adsorbed on carbon substrates, 
followed by the addition of transition metal salts. The pyrolyzed macrocycles on 
carbon supports provide coordination sites, including N 4 , to bind transition metals 
such as Fe and Co, forming M-N 4 coordination complexes. However, it was also 
found that the ORR catalytic activity loss of these heat-treated M-N 4 catalysts in 
long-term operation was due to the loss of the transition metal from the pyrolyzed 
macrocycle surface. 

Thermal treatment might lead to phase change in the transition metal 
macrocyclic complexes. Using XRD measurements, Baranton [58] found that 
received iron phthalocyanine was under a phase and that after being heat-treated at 
450 °C it was under [3 phase. 

It is worth noting that as yet, the enhancement mechanisms of activity and 
stability after heat treatment of these M-N 4 catalysts are not fully understood. It is 
necessary to ascertain whether the metal is part of the active catalytic site, and also 
to identify the nature of the catalytic site. 

2.5.3 ORR Kinetics Catalyzed by Transition Metal Macrocyclic Complexes 

Tafel slopes of ORR catalyzed by M-N 4 complexes have different values, 
depending on the individual catalyst used. Zagal et al. [50, 59] reported that Co(II) 
tetrasulfonatephthalocyanine (CoTSP) could catalyze a 2-electron O 2 reduction 
reaction, producing H 2 0 2 in both acid and alkaline solutions, with Tafel slope 
values of 120, 135, and 155 mV/dec, respectively. Collman et al. [60] reported a 
Tafel slope of 65 mV/dec on dicobalt porphyrin dimers in acid solution. For Fe-N 4 
catalysts, Zagal et al. [50] reported two Tafel slopes of FeTSP catalyzed oxygen 
reduction reaction, which were dependent on pH. At low oveipotential, a Tafel 
slope of 65 mV/dec was obtained at pH 4.4, which decreased to 29 mV/dec when 
pH was increased to 13.9. At high overpotential, a Tafel slope of 120 mV/dec was 
observed at pH 4.4, which changed slightly to 130 mV/dec at pH 13.8. These two 
Tafel slopes are the same as those reported by Baranton et al. [58] for a-FePc- 
catalyzed ORR in acid solution. However, for [3-FePc, only one Tafel slope (63 
mV/dec) was obtained, indicating that the ORR mechanism was different. 

The exchange current density of ORR catalyzed by M-N 4 complexes is seldom 
reported. Zagal et al. [59] found that in acid solution, ORR catalyzed by Co(II)TSP 
had an exchange current density of 10 11 A/cm 2 for 0 2 /H 2 0 reaction, while in 
alkaline solution, the value became 10 7 A/cm 2 . Note that in both solutions, 
Co(II)TSP could only catalyze a 2-electron 0 2 reduction reaction. In the early stage 
of M-N 4 -catalyzed ORR research, Savy et al. [61] studied ORR catalyzed by 
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porphyrin complexes with Fe, Co, Ni, and Cu metal centers, and they reported the 
exchange current densities of ORR catalyzed by each. For example, FePc showed 
exchange current densities of 1.3x10 7 A/cm 2 at pFI 1.3 and 1.5x 10 s A/cm 2 at pFI 
6.7. 


2.6 ORR Catalyzed by Other Catalysts 

2.6.1 ORR Catalyzed by Transition Metal Chalcogenides 

2.6.1.1 Chalcogenides and Oxygen Reduction Reaction Products 

Transition metal chalcogenides are a group of materials that show catalytic activity 
towards ORR. The materials are classified into two types, based on the structure, 
the Chevrel phase-type compounds such as Mo 4 Ru 2 Se8, and amorphous phase 
compounds such as Ru x S y [1]. Figure 2.25 shows the structure of Mo 4 Ru 2 Se 8 , 
where the octahedral transition metal core acts as an electron reservoir [62]. 



Figure 2.25. Structure of Mo 4 Ru 2 Se 8 and interaction of 0 2 at the Chevrel phase clusters- 
electrolyte interface [62], (Reprinted from J Phys IV, Alonso-Vante N, Fieber-Erdmann M, 
Rossner FI, Holub-Krappe E, Giorgetti Ch, Tadjeddine A, et al. The catalytic center of 
transition metal chalcogenides vis-a-vis the oxygen reduction reaction: an in situ 
electrochemical EXAFS study, 7:887-9. ©1997 with permission of EDP Sciences.) 

Chalcogenides can catalyze either 2-electron or 4-electron 0 2 reduction, 
depending on the catalysts used. For example, Mo 4 Ru 2 Se 8 , Rui, 92 Moo.o 8 Se0 4 , 
Ru x S y (CO) n , Ru x Se y , etc. catalyze 4-electron transfer [62-68], while W-Co-Se 
catalyzes a 2-electron 0 2 reduction reaction [69]. 

2.6.1.2 Chalcogenide-catalyzed ORR Mechanism 

The origin of the ORR catalytic activity of a chalcogenide is strongly associated 
with its semiconducting property. It is believed that the catalytic activity occurs 
through the interaction of 0 2 with the transition metal d-states originating from the 
mixed metal cluster. Figure 2.26 shows the schematic of the energy and molecular 
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statuses of the semiconducting cluster at the interface, under charge transfer 
conditions. 




Figure 2.26. Schematic energy and molecular representation of the semiconducting 
Mo^RuoSeg cluster and the redox couple (0 2 /H 2 0) at the interface, under charge transfer 
conditions. The insert shows a supposed interaction of the molecular bridge type at two 
adjacent transition metal atoms [63], (Reprinted with permission from J Am Chem Soc 
1987;109:3251-7. Copyright 1987 American Chemical Society.) 

In this M 04 . 2 Ru 1 . 8 Se 8 compound, the energy gap between the valence and the 
conductance band is 1.3 eV, which is a characteristic of the compound as a 
degenerated p-type semiconductor. The 0 2 reduction reaction will start when the 
Fermi level of the electrode is 0.35 V above the 0 2 /H 2 0 redox potential. It is most 
possible that 0 2 interacts with a transition metal atom of a cluster through a bridge- 
type bonding to two adjacent metal atoms in the same cluster. The electron transfer 
between the cluster and the 0 2 could result in a metal distance increase, which 
possibly facilitates the breaking of the 0-0 bond and an upward shift of the 
electronic level due to the loss of electrons. The cluster volume can increase by 
15% when it loses its electrons. Refilling of the cluster with electrons is expected 
because the Fermi level is above the edge of the valence band [63]. 

The ORR mechanism catalyzed by a chalcogenide is different from that 
catalyzed by Pt or other catalysts. Although the mechanism is still not clear, most 
possibly it is not a stepwise subsequent electron process involving an intermediate. 
Rather, it may involve a synergistic multielectron transfer, or a self-organized 
electron transfer. The electrons are not transferred independently, but rather are 
dependent on each other. An initiating electron transfer event could produce a 
“positive friction” loop, trigging subsequent loops. If the feedback can be adjusted 
adequately, the electrons will transfer in a cooperative way without producing 
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intermediates [70, 71]. This feedback is possibly reflected in the distance change 
between the metal atoms. 

2.6.1.3 Kinetics of ORR Catalyzed by Chalcogenides 

The catalytic activity of a chalcogenide towards ORR can reach a level of 30-40% 
of the Pt catalyst activity. The Tafel slope varies from 100 mV/dec up to 167 
mV/dec, depending on the materials used and the preparation method. Duron et al. 
[66] reported two Tafel slopes for ORR on a Ru x S y (CO) n cluster: 124 mV/dec at 
low overpotential and 254 mV/dec at high overpotential. Susac et al. [72] reported 
a Tafel slope of 167 mV/dec on Co-Se catalyst. There seems to be no reported data 
in the literature about the exchange current density of ORR catalyzed by 
chalcogenides. 

2.6.2 ORR Catalyzed by Transition Metal Carbide 

Transition metal carbide, in particular tungsten carbide, is another type of non¬ 
noble catalyst showing activity towards the oxygen reduction reaction. However, 
the main catalytic activity of carbide is not in the oxygen reduction reaction, but 
rather in other reactions such as H 2 oxidation. Mazza et al. [73] reported that WC, 
TaC, TiC, and TiN showed catalytic activity towards ORR in acid solutions. 
However, these materials are not stable in alkaline solution. For example, even in 
acid solutions, WC did not show long-term stability in the presence of 0 2 [73]. Lee 
et al. [74] found that the addition of Ta to WC could significantly improve its 
catalytic activity and stability. 

Although pure WC has no significant ORR catalytic activity, the addition of it 
to Pt could lead to an improvement [75, 76]. Figure 2.27 shows the linear sweep 
curves of ORR on W 2 C, Pt/C, and W 2 C-Pt/C catalysts. The best activity can be 
observed with a W 2 C-Pt/C catalyst. 



Figure 2.27. Linear sweep curves of oxygen reduction on different catalysts in 0 2 -saturated 
0.5 M H 2 S0 4 solution at 25 °C: curve 1, 80 pg W 2 C; curve 2, 80 pg Pt/C; curve 3, 40 pg 
Pt+80 pg W 2 C; scan rate: 2 mV/s [75], (Reprinted with permission from J Phys Chem B 
2005;109:22705-9. Copyright 2005 American Chemical Society.) 
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The mechanism of the ORR activity enhancement induced by adding W 2 C to Pt 
is not yet clear. Experimental results show that most possibly this is due to the 
synergistic effect between tungsten carbide nanoparticles and Pt at the interface. 

There seems to be no report about the Tafel slope of WC-catalyzed ORR. The 
Tafel slope of W 2 C-Pt/C-catalyzed ORR is similar to that of Pt/C: 66 mV/dec at 
low overpotential and 126 mV/dec at high overpotential. The presence of W 2 C can 
significantly decrease ORR overpotential, as shown in Figure 2.28. 



Figure 2.28. Tafel slopes for oxygen reduction reaction 011 Pt/C and Pt-W 2 C/C 
electrocatalysts [75], (Reprinted with permission from J Phys Chem B 2005;109:22705-9. 
Copyright 2005 American Chemical Society.) 

The exchange current density of ORR on W 2 C-Pt/C could also be increased. 
For example, Pt/C gave two exchange current densities: 5.25x 10 1,1 A/cm 2 at low 
overpotential and 3.16x 10 7 A/cm 2 at high overpotential. While on W 2 C-Pt/C, the 
values were found to be 4.7 x 10 7 A/cm 2 at low overpotential and 5.01 x 10 5 A/cm 2 
at high overpotential, showing a two- to three-order increase compared to pure 
Pt/C catalyst [75]. 


2.7 Superoxide Ion 

2.7.1 Production of Superoxide Ion by Other Methods 

Superoxide ion is an important intermediate in the fundamental understanding of 
the ORR mechanism. This species has significant implications in chemistry and 
biology. Superoxide ion was initially produced from radiolysis. In a solution 
containing a large excess of sodium formate saturated with 0 2 , the radiolytic 
electron flux could reduce 0 2 to produce 0 2 [77,78]: 


0 2 + e (aq) — > 0 2 


(2.51) 
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HCOO" + HO* ->• *COO' + H 2 0 

(2.52) 

o 2 + *coo _ ->• Of + co 2 

(2.53) 

O 2 + H* ->• HOO* H 3 0 + + Of 

(2.54) 


Superoxide ion could be also produced by an electrochemical method in aprotic 
organic solvents [79-83], in ionic liquid systems (room temperature) [84-87], on 
organic-compound-coated electrode surfaces [88], and on Co-macrocyclic- 
complex-coated electrodes [89, 90]. The electrochemical response of superoxide 
ion is reversible in aprotic organic solvents such as DMSO, and in ionic liquid 
systems. 

2.7.2 Properties of Superoxide Ion 

The thermodynamic reduction potential for the O 2 /O 2 " pair has been determined 
using redox mediator dyes and spectrophotometiy [77, 78]. The reaction is 
expressed as: 0 2 (g, 1 atm) + e" <-» 0 2 ", and its corresponding standard electrode 
potential is (E°) p h,5-i 4= -0.33 V vs. NHE or -0.16 V for O 2 at unit activity. The 
redox potential of the O 2 /O 2 " is dependent on the solvent and the electrode 
materials. Table 2.4 summarizes the redox potentials of 0 2 /0 2 ", concentration and 
the diffusion coefficient of O 2 in different solvents. The formal potential was taken 
as the average of the anodic peak and the cathodic peak potentials from CV at a 
scan rate of 0.1 V/s. 


Table 2.4. Redox potentials for O 2 /O 2 " in different solvents (1 atm 0 2 ) [78-86] 


Solvent 

Cq 2 (mM) 

D 0 x 10 s (cm 2 s *) 

E 0 ’ (V) vs. NHE 

H 2 0 

1.0 

2.1 

-0.16 

DMSO 

2.1 

2.1 

-0.54 

DMF 

4.8 

5.0 

-0.62 

Py 

4.9 

5.7 

-0.62 

MeCN 

8.1 

7.2 

-0.63 

Quinoline 

1.5 

1.8 

-0.63 

EMIBF4 

1.1 

1.7 

-0.61 

PMIBF4 

1.0 

1.3 

-0.58 

BMIBF4 

1.1 

1.2 

-0.62 

[bmimJHFP 

3.6 

0.22 

-0.64 

Hydrocarbons 

~10 

- 

- 

Fluorocarbons 

~25 

- 

- 
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Table 2.5. The formal potentials at different electrode materials [78] 


Solvent 

Formal potentials at electrodes (V) vs. NHE 

C 

Pt 

Au 

Hg 

DMSO 

-0.54 

-0.78 

- 0.55 

- 

DMF 

-0.62 

-0.62 

-0.64 

- 

Py 

-0.64 

-0.65 

-0.63 


MeCN 

-0.63 

-0.65 

-0.65 

-0.63 


The formal potential change with solvent is due to the salvation energy of O 2 " in 
different solvents. The value becomes more positive with increasing salvation 
energy. Thus, the salvation energy of O 2 " in these aprotic solvents follows the 
sequence: 

H 2 0»DMS0>PBIBF 4 >EMIBF 4 >DMF~Py~BMIBF 4 >MeCN>[bmim]HFP. 

2.7.3 Stability of Superoxide Ion 

Superoxide ion is not stable in the presence of water and protonic species, which 
results in the disproportionation of the superoxide ions and leads to the production 
of FI 2 O 2 [78, 79, 84], according to Equation 2.55: 

20 2 " + 2H 2 0 H 2 0 2 + 0 2 + 20H" K=10 9 Matm (2.55) 

2.7.4 Superoxide Production by Electrocatalysis 

In aqueous systems, superoxide ion was only observed on electrodes modified in 
alkaline solutions by surfactant (triphenylphosphine oxide) [91], organic groups 
(methyl phenyl) [88], or metal macrocyclic compounds [88, 89, 92]. The surfactant 
and organic groups can cover the electrode surface, preventing water from reaching 
the electrode surface and stabilizing the produced 0 2 ". The reversibility of the 
0 2 /0 2 " electrochemical response depends on the alkalinity [88, 90]. In less alkaline 
solutions, the redox behavior becomes less reversible, due to the kinetics of the 
reaction. 

Superoxide ion production by electrocatalysis was observed on Fe(III) 
phthalocyanine, Co(II) 2 -disalophen, and Co(II)HFPC-modified Hg or carbon 
electrodes. However, on Fe(III)phthalocyanine-modified Hg electrode surfaces, 
further scanning the potential to more negative values resulted in further reduction 
of 0 2 ", forming H 2 0 2 and OH" [92]. On Co(II) 2 -DSP and Co(II)HFPC modified 
electrodes [89, 90], stable superoxide ion could be produced in alkaline solutions. 
The catalytic mechanism has been proposed as follows: 

For Co(II) 2 -DSP: 


Co(II) 2 -DSP + 20 2 Co(III) 2 -DSP*20 2 


(2.56) 
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Co(III) 2 -DSP*2CV + 2e" ->• Co(II) 2 -DSP + 20C (2.57) 

For Co(II)HFPC: 

[HO-Co(II)HFPC]' + 0 2 [Co(III)HFPC-0 2 ] + OFT (2.58) 

[Co(III)HFPC- 0 2 ] + OH' + e -» [HO-Co(II)HFPC]' + 0 2 (2.59) 


Potential, V vs. SCE 



Figure 2.29. (a) Cyclic voltammograms of a bare graphite electrode and (b) a Co°HFPC 
adsorbed graphite electrode in an air-saturated 1 M NaOH solution. Scan rate: 50 mV/s [90], 
(Reprinted from Journal of Electroanalytical Chemistry, 587(2), Song C, Zhang L, Zhang J, 
Reversible one-electron electro-reduction of 0 2 to produce a stable superoxide catalyzed by 
adsorbed Co(II) hexadecafluoro-phthalocyanine in aqueous alkaline solution, 293-8, ©2006, 
with permission from Elsevier.) 

The formal potential of the 0 2 /0 2 " redox couple is very close to the redox 
potential of the catalyst. For both Co(III) 2 -DSP and Co(II)FIFPC systems, the 
formal potential of 0 2 /0 2 " is ~0.0 V vs. NHE, normalizing the air pressure to 0 2 
pressure. This value is close to that reported in [78] for the initial reversible 1- 
electron transfer process of O? in aqueous solution at inert electrodes: 


0 2 J - e o 0 2 


(E 1/2 ) P H 12 , 0.0 Vvs. NHE 


(2.60) 
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2.8 Conclusions 

The catalytic mechanism of ORR and its kinetic parameters, including Tafel slopes 
and exchange current densities, can be obtained from techniques such as cyclic 
voltammetry, steady-state polarization, rotating disk electrode, and rotating ring- 
disk electrode. Catalysts used for ORR include carbon materials, quinone and 
derivatives, noble metal and noble metal alloy materials, transition metal 
macrocyclic compounds, chalcogenide materials, as well as transition metal 
carbide. Electrocatalytic ORR has been investigated in a wide range of electrolytes, 
ranging from acid to basic solutions, and in a wide range of solvent systems, 
including aqueous, non-aqueous aprotic, and room temperature ionic liquid 
systems. 

Electrocatalytic ORR carries out in three pathways: the 1-electron transfer 
pathway, producing superoxide ion; the 2-electron transfer pathway, producing 
hydrogen peroxide; and the 4-electron transfer pathway, producing water. In a non- 
aqueous aprotic solvent system, a room-temperature ionic liquid system, and on 
specific transition-metal, macrocyclic-compounds-coated graphite electrodes in 
alkaline solutions, 1-electron reduction can be observed. Carbon materials, quinone 
and derivatives, mono-nuclear cobalt macrocyclic compounds, and some 
chalcogenides can only catalyze 2-electron ORR. Noble metal, noble metal alloy 
materials, iron-macrocyclic complexes, di-nuclear cobalt macrocyclic complexes, 
some chalcogenides, and transition-metal carbide-promoted Pt catalysts can 
catalyze 4-electron reduction. 

The Tafel slope of the electrocatalytic ORR is usually 60 mV/dec or 120 
mV/dec, or both 60 and 120 mV/dec, depending on the overpotential range. On 
carbon materials, a Tafel slope of either 60 or 120 mV/dec was observed 
depending on the pH of the electrolyte and on the carbon materials. On noble metal 
and noble metal alloys, two Tafel slopes were observed at different overpotential 
regions. At low overpotential (low current density), a Tafel slope of 60 mV/dec 
was obtained, while at high overpotential (high current density), a Tafel slope of 
120 mV/dec was observed. On chalcogenide catalysts, Tafel slopes of larger than 
120 mV/dec were reported. On other materials, Tafel slopes have rarely been 
studied. 

The exchange current density of electrocatalytic ORR is mainly reported on Pt 
and Pt alloy catalysts. Because there are two Tafel regions, two exchange current 
densities can be obtained. At low overpotential, the exchange current density is 
around 10 10 A/cm 2 , and at high overpotential, the exchange current density is 
around 10 6 A/cm 2 . The values of exchange current density vary depending on the 
catalyst as well as the research method. On other catalysts, the exchange current 
density of ORR has seldom been reported. 
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3.1 Introduction 

Hydrogen (H 2 ), an important material and product in chemical industries, has been 
investigated as a new clean energy source for many decades [1-3]. With the rapid 
development of proton exchange membrane (PEM) fuel cell technology, in which 
H 2 is used as a fuel, the chemical energy stored in this H 2 can be electrochemically 
converted to electric energy with zero emissions and high efficiency. The dream of 
a hydrogen economy era therefore seems closer to reality. Beginning in the 1990s, 
the advantages of PEM fuel cells, including zero/low emissions, high energy 
efficiency, and high power density, have attracted world-wide research and 
development in several important application areas, including automotive engines, 
stationary power generation stations, and portable power devices [4], With 
successful demonstrations of fuel cell technology, in particular in automotive 
applications, commercialization of this technology has become a strong driving 
force for further development in the critical areas of cost reduction and durability. 
The major cost of a PEM fuel cell is the platinum (Pt)-based catalysts. At our 
current technological stage, these Pt-based catalysts for both the cathodic 0 2 
reduction reaction (ORR) and the anodic H 2 oxidation reaction (HOR) are the most 
practical catalysts in terns of catalytic activity and lifetime stability. Therefore, 
research and development to improve catalytic activity and stability has shot to the 
fore in recent years. Although both theoretical and experimental approaches have 
resulted in great progress in fuel cell catalysis [2, 3, 5, 6], continuous effort is 
necessary to develop breakthrough fuel cell catalysts that are cost-effective and 
highly durable for commercial use. 

With respect to fuel cell catalysis, most research has been focused on cathode 
ORR catalysts development, because the ORR kinetics are much slower than the 
anodic HOR kinetics; in other words, the fuel cell voltage drop polarized by load is 
due mainly to the cathode ORR overpotential [7, 8]. However, in some cases the 
overpotential of the anodic HOR can also contribute a non-negligible portion of the 
overall fuel cell voltage drop [8], Therefore, the catalytic HOR on the fuel cell 
anode catalyst is also worth examining. 
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On the other hand, aside from its importance in fuel cell applications, hydrogen 
electrooxidation catalysis is also a model system for the fundamental 
understanding of electrochemical kinetics, electrocatalysis, and electrochemical 
surface science, which have been studied for over a century [3, 5], Indeed, the 
hydrogen evolution/oxidation reaction (HER/HOR) is the simplest and most 
widely studied electrochemical process. Almost all the basic laws of electrode 
kinetics and the concepts of electrocatalysis were developed and verified by the 
examination of these two reactions. 

This chapter summarizes the kinetics and mechanisms of the electrocatalyzed 
HOR on different electrode materials, including platinum group metals, carbides, 
and transition metals. Advances in CO-tolerant electrocatalysts for the HOR in fuel 
cells are also briefly introduced. Despite its wide range of topics, the main purpose 
of this chapter is to provide a fundamental understanding of the electrocatalysis of 
the HOR, the most important reaction other than the ORR in the PEM H 2 fuel cell. 


3.2 Electrooxidation of Hydrogen [5, 6, 9,10] 

3.2.1 Mechanism of the Hydrogen Oxidation Reaction 

The overall reactions of anodic hydrogen oxidation in acidic and alkaline mediums 
can be expressed as Equations 3.1 and 3.2, respectively: 


Vi H 2 -> H + + e 

(3.1) 

Yi H 2 + OH" -> H 2 0 + e" 

(3.2) 


The hydrogen oxidation reaction may occur by the following three sequential 
steps: 

1) Adsorption step: the hydrogen molecule diffuses from the electrolyte to the 
electrode, then adsorbs on the electrode surface to form surface species (H 2 ad ): 

H 2 —> H 2 so iv —> H 2 ad (3.3) 

2) Hydration/ionisation step: the adsorbed hydrogen forms adsorbed H atoms 
(H ad ) through process (a) or (b): 

(a) Tafel-Volmer route 

H 2 , ad —» 2H ad (Tafel reaction) (3.4) 


and 


H ad —»H + + e" (Volmer reaction in acidic medium) (3.5) 


or 
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H a d + OH" —» H 2 0 + e" (Volmer reaction in alkaline medium). (3.6) 

(b) Heyrovsky-Volmer route: 

H 2 ,ad —> H a[i .H + + e" —>■ H ad + H + + e" (3.7) 

(Heyrovsky reaction in acidic medium) 


H 2 ,ad + OH —» H a d-H 2 0 + e—> H a d + H 2 0 + e (3.8) 

(Heyrovsky reaction in alkaline medium) 


and 


Had - >H + + e" (Volmer reaction in acidic medium) (3.9) 

Had + OH" —» H 2 0 + e" (Volmer reaction in alkaline medium) (3.10) 

3) Desorption step: the products, such as H + and H 2 0, are desorbed and then 
transported into the electrolyte. 

In each step of the above routes, the overall reaction rate can be controlled by a 
step which is sufficiently slow compared with the others. This is the rate 
determining step (rds). The rate determining steps have been identified for several 
mechanisms: 

(a-1) The slow Volmer-rapid Tafel mechanism (the slow-discharge 


mechanism): 

H 2 —> 2H ad , Had —» H + + e" (rds) (3.11) 

(a-2) The rapid Volmer-slow Tafel mechanism (the slow combination or the 
catalytic mechanism): 

H 2 -> 2H ad (rds), Had -> H + + e" (3.12) 

Had + OH" —» H 2 0 + e" (3.13) 

(b-1) The slow Volmer-rapid Heyrovsky mechanism: 

H 2 ,ad -> H ad .H + + e" -> Had + H + + e" (rds) (3.14) 


and 


H 2 ,ad + OH" -» H ad H 2 0 + e" H ad + H 2 0 + e" (rds) (3.15) 


(b-2) The rapid Volmer-slow Heyrovsky mechanism: 



138 H. Li, K. Lee and J. Zhang 


H 2 ,ad (rds) -» H ad .H + + e" -> H ad + H + + e" 


(3.16) 


and 


H 2 , ad + OH" (rds) -> H ad .H 2 0 + e"" H ad + H 2 0 + e" (3.17) 

In the past, the majority of the basic laws and concepts in electrode kinetics 
were developed and verified by Tafel [11], Volmer [12], and Fmmkin [13] using 
the hydrogen electrode. Two important reaction mechanisms are well recognized 
and experimentally validated. The first is the Volmer-Tafel mechanism, shown in 
Equations 3.11-3.13. The other, which is more important for the hydrogen 
electrode, is the Hyrovsky-Volmer mechanism, expressed in Equations 3.14-3.17. 

3.2.2 Thermodynamic Considerations for the Hydrogen Electrode Reaction 

The conventional thermodynamic relations for the hydrogen electrode reaction in 
Equation 3.1 are the following: 

E„ = with 
H F 


AG = — // H , “TV =1 -/& l + RTln— 


77 RT , I 

e h= e h — 

F 


t nl/2 h 


\ a H* J 


(3.18) 


(3.19) 


where AG is the Gibbs free energy, ju H and // /; are the chemical potentials for 
H 2 and H + , a H is the activity of the proton, F is the Faraday constant, and a [r 
has a practical significance through the conventional definition of pH. E° H is 

defined as the standard hydrogen electrode potential with E° H = 0 V at standard 
conditions [14]. 

3.2.3 The Kinetics of the Hydrogen Oxidation Reaction [9,10] 

1) Volmer Expression 

For the hydrogen oxidation reaction in Equations 3.1 and 3.2 in acidic and alkaline 
media, respectively, the Volmer expression deals with the pure charge-transfer 
process (H ad <-»H + e"). The total (or net) current density for this two-directional 
charge-transfer process, i = i , — i h , could be expressed as follows: 
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i = k f c H exp(^-)-k h c Ht exp(- (1 ^ FE ) (3.20) 

where i is the net current density; i, and 4 are the current densities in the forward 
and backward (or anodic and cathodic) directions, respectively; k f and k b are the 
corresponding rate constants; c H and c f/ are the surface concentrations of 

adsorbed atomic hydrogen and protons, respectively; a is the charge-transfer 
coefficient; R is the gas constant; T is the temperature; and E is the electrode 
potential. For the hydrogen oxidation (forward direction)/reduction reaction 
(backward direction) in acid solution, the charge-transfer reaction, i.e., Volmer 
expression, could be written alternatively as Equation 3.21: 

iy = kf [ff]exp(^^) -* t [/T]exp(- (1 ~ a ^ FE ) (3.21) 

K1 K1 

where a v is the charge-transfer coefficient of the Volmer reaction. This equation is 
the basic relation given by Volmer and was later generalized to all charge-transfer 
reactions. [H] is the surface concentration of atomic hydrogen and is proportional 
to the degree of surface coverage of adsorbed hydrogen atom ( 0 ). Assuming that 
the adsoiption of hydrogen atoms on the electrode surface follows a Langmuir 
isotherm, and that the reactions occur on a homogeneous surface, a Langmuir 
model can be used to describe the surface behavior of H for small or large 
coverage areas. Equation 3.21 could be modified as Equation 3.22 if [H] can be 
expressed as surface coverage ( 9 ). Note that the backward (or cathodic) reaction 
(H 1 + e" — » H a( i) occurs in the Volmer reaction only at the part of the surface which 
is not covered by adsorbed hydrogen atoms. This part equals 1- 9. 

iy =k,9 exp(^^) - k„[H + ](1 - 9) exp(- (1 - a ^ FE ) (3.22) 

According to the reaction expressed in Equation 3.6 in an alkaline solution, the 
current-potential relationships can be expressed as Equations 3.23 and 3.24, 
respectively: 


hr = k f [H][OH-] e xp(^-)-k h [H 2 0] e xp(- (1 a ^ FE ) 
K1 K1 

ry /T'/f (1 — /y fT/f 

iy = k f 9[OH ] exp(—^——) - k b [H 2 0]{\ - 9) exp(- ; ) 

K1 K1 


(3.23) 


(3.24) 


where the transfer coefficient a v in an alkaline medium may have a different value 
from that in an acidic medium. 
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If the redox reaction equilibrium can be established, the partial forward current 
density will equal the partial backward current density. Equations 3.21 and 3.22 
could also be expressed in terms of the exchange current density, i 0 , as in 
Equations 3.25 and 3.26, respectively. These /„ (/ are the values at the equilibrium 
potential ( E ) where the net current is zero: 


, rm a r FE (1 -a v )FE 

V = kf[H]ex p( ' ) = k b \H ]exp(-—- q ~) (3.25) 

K1 K1 

i a , a v FE e q , , n mrw+n r ( ] ~ a v) FE e,, 
i ov =k f 0exp( ' ) = k h (\-9)[H ]exp(-—- L ) (3.26) 

K1 K1 


When taking into consideration the overpotential ( T] = E-E eq ), which designates 
the hydrogen overpotential, Equations 3.21-3.24 may be rewritten as 3.27: 


V = 'o,r[^- ex P(- 

G'n 


a v Frj 1 -9 


RT 


)- 


\-e\ 


■exp(- 


(1 -a r )Fr] 
RT 


)] 


(3.27) 


where 0 Q is the surface coverage of atomic hydrogen at the equilibrium electrode 
potential. It is obvious that when 9 = 9 0 , Equation 3.27 can be simplified as 3.28: 


a v Fii 


(1 - a v )Frj ( 


i = i 0 i j[exp(—L) - exp(- 


RT 


RT 


(3.28) 


Note that in general, the value of 9 is current-density dependent. 


2) Tafel Expression 

In Equation 3.4 for the HOR/HER, if the Tafel reaction is a pure chemical reaction, 
the dissociation of the hydrogen molecule to form surface adsorbed atomic 
hydrogen will be the rate determining step. Therefore, the rate constant in the 
reaction should not depend upon the electrode potential. If all reactions that occur 
before and after the Tafel reaction are fast, the slow Tafel reaction (or rate 
determining step) can lead to a pure reaction overpotential, rj r , which can be 
expressed as Equation 3.29: 


9 r 


vRT 

mnF 


In 


( i A 

l_iL 


(3.29) 


where i r and i r arc the net Tafel current density and limiting reaction current 
density, respectively, m is the reaction order, V represents the sign of 
overpotential (if V is positive, the rate determining reaction will occur in the 
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direction of oxidation; if negative, the rate determining reaction will be in the 
reduction direction). In the case of the anodic (or forward) reaction, the order of the 
hydrogen atom ( m ) is 2, as given by Tafel. At large anodic overpotential, i.e., 
\h\»K , the Tafel relation for the hydrogen overpotential can be expressed: 


RT, RT, , 

n = -lnz H-In \i T 

2 F 2F 1 


(3.30) 


This equation deals with the anodic direction of the reaction (the dissociation of 
H 2 ), therefore, v = — 1. For the cathodic reaction direction, where v = 1, the Tafel 
equation can be expressed as Equation 3.31 at large cathodic overpotential: 


RT RT, 

ri = -In/-In zV 

2 F 2F 1 


(3.31) 


In the case of the anodic reaction, the limiting anodic current density, i r a , 

should be approximately equal to the dissociation rate of molecular hydrogen into 
the adsorbed atoms. In the cathodic reaction, the limiting cathodic current density, 
i rc , should be the rate of hydrogen recombination on the electrode surface. Note 

that the limiting cathodic current density will appear when the current-dependent 
degree of coverage ( 0 ) reaches its maximum value, i.e., 0 = 1. 

If the net Tafel reaction rate, i T , for either H a( | recombination or H 2 

dissociation can be expressed as Equation 3.32: 

h =-F^T = -Q H ^ = k b { 1 - 0f ~k f 0 2 (3.32) 

at at 


the equilibrium can be described by the Langmuir adsorption isotherms, where 
Q h (C-cnf 2 ) is the amount of charge for the formation of a monatomic layer of 
hydrogen per cm 2 . At equilibrium, the net current density is equal to zero, that is, 
i = 0 for Equation 3.22 or 3.24, and the electrode potential will be expressed as 
Equation 3.33: 


E — E ov + - 


RT 


In [h + - 


RT, 0 

-In- 

F 1-0 


Therefore, the overpotential is: 


Hr 



0 1-0Q 
0 O 1-0 


(3.33) 


(3.34) 


where 0 n is the equilibrium degree of coverage. 
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If the reaction equilibrium is established, the partial anodic reaction current 
density should be equal to the partial cathodic reaction current density; then, the 
Tafel exchange current density can be written as Equation 3.35: 

ioT =i r = kf {\ -0 o ) 2 =k b -O o 2 (3.35) 

From Equation 3.35, the relationship between the current density for the Tafel 
reaction and the overpotential can be rewritten as a function of the degree of 
coverage: 


r \ -9 


v 1 j 


( n\ 


\&0 J 


1\ 


(3.36) 


(3) Heyrovsky Expression 

The Heyrovsky reaction in Equations 3.7 and 3.8 is a pure charge-transfer reaction. 
The reaction rate in the cathodic reaction direction is proportional to the degree of 
surface coverage of atomic hydrogen ( 0 ), and the concentration of H + (acid 
solution) or H 2 0 (alkaline solution). On the other hand, the anodic partial reaction 
is proportional to the concentration of molecular hydrogen [//,] and the free 
surface (l - 0). Based on the current-overpotential equation for the charge-transfer 
reaction, the Heyrovsky current density ( i H ) expression can be written as 
Equations 3.37 and 3.38 for acid and alkaline solutions, respectively: 


l U ~ kf \ F 2 ]0 0 ) 


exp 


a H FE 

RT 


-k b [H + ^ 


exp 


(l ~a H )FE 


RT 


(acid) (3.37) 


i H = k f [H 2 \oh\\ - 0)ex K [# 2 O]0expf- (1 a R f E 


v RT 

(alkaline) (3.38) 


where a H is the transfer coefficient of the Heyrovsky reaction. 

When the reaction is at equilibrium (1 = 0), the Heyrovsky exchange current 
density ( i H ) for the Heyrovsky reaction is: 


h,H = k f {\ -6>)exp 


a H FE e q 

RT 


■- k b e[H\ 


exp 


-(1 -0)FE el 
RT 


(3.39) 


If 9 = 9 0 , the Heyrovsky current-overpotential relationship can be expressed as 
Equation 3.40: 
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exp 




RT 


-exp 


RT 


(3.40) 


If the degree of coverage is dependent on the reaction current, the current density 
then becomes: 


l-», l RT 


e 

_ ^r ex P| 


{\-a H )Fti 


RT 


(3.41) 


where the Heyrovsky exchange current density for the reaction in acid solution 
could be different from that in alkaline solution. Furthermore, the charge-transfer 
coefficient value of the Heyrovsky reaction may also differ from the value of the 
Volmer reaction. 

3.2.4 Hydrogen Adsorption Behavior 

The adsorption of hydrogen on metal electrodes such as platinum has been studied 
extensively in electrochemical systems over the last several decades [15-18]. The 
mechanism for the hydrogen oxidation reaction on a platinum electrode in an acid 
electrolyte is usually assumed to proceed by the initial adsorption of molecular 
hydrogen. This initial adsorption step involves either slow dissociation of H 2 
molecules into atoms (Tafel reaction) or the ion-atom recombination step 
(Heyrovsky reaction). This is followed by the fast charge-transfer step, including 
both Tafel-Volmer reaction and Heyrovsky-Volmer reaction sequences. If we 
assume that kinetic parameters, such as the Tafel slopes and the reaction activation 
energies, are the same for the HOR and the HER at low overpotentials, the 
mechanism for the HER would be the same as that for the HOR, i.e., the first fast 
charge-transfer step is followed by either the Tafel-Volmer sequence or the 
Heyrovsky-Volmer sequence. It is important to note that the adsorbed hydrogen 
(H a d) on the metal electrode is the reactive intermediate in both the HOR and the 
HER. Therefore, the kinetics of the hydrogen reaction is largely affected by the 
interaction between H a d and platinum surface atoms. This interaction can be 
described by the adsorption energy of H a d and its surface coverage. Such hydrogen 
coverage and adsorption energy will definitely affect the activity of the electrode. 
The reaction pathways of the HER/HOR in alkaline solution are similar to those in 
acid solution, except that hydrogen is discharged from H 2 0 rather than from 
hydronium ions (H 3 0 + ). 

The difference between hydrogen adsoiption from the electrolyte and from the 
gas phase is important for understanding the elementary reaction steps involved in 
the processes of hydrogen adsoiption on metallic catalyst surfaces. In general, 
hydrogen electroadsorption (or electrosorption) can be accomplished from either 
acidic or basic aqueous solutions. In fuel cell research, it is especially necessary to 
understand the adsorption of hydrogen from the electrolyte environment on 
metallic catalysts. Markovic et al. [18] and Jerkiewicz et al. [19] well demonstrated 
the characteristics of hydrogen adsorption on Pt single crystals. Their approaches 
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focused on the thermodynamic aspect, by calculating the Gibbs free energy, 
entropy, and enthalpy of hydrogen adsorption, then comparing hydrogen 
electroadsorption from the electrolyte and from the gas phase on Ru and Pt single 
crystals, respectively. Markovic et al. [18] distinguished the different possible 
states of adsorbed hydrogen. They employed thermodynamic notations and defined 
the strongly adsorbed states as underpotentially deposited hydrogen, H„ P d, and the 
weakly adsorbed states as the reactive intermediate, H ad (i.e., overpotentially 
deposited hydrogen, H op d). It is well-recognized that the H up d is strongly dependent 
on the crystallographic orientation of the Pt surface [20]. However, it is still not 
clear whether this H up d is the reactive intermediate, H ad , of the HER and the HOR. 
It has been reported that H ad is a weakly adsorbed state of hydrogen that becomes 
populated only at potentials close to the Nernst potential [21, 22]. These 
researchers proposed that the weakly adsorbed state of H ad on Pt single crystals 
could couple to the strongly adsorbed state of the H up d, so that there would be an 
indirect effect of the H up d on the kinetics with an attendant crystallographic 
sensitivity. They suggested that H up d therefore might play an important role in the 
kinetics of the HER and the HOR in aqueous electrolyte solutions. The two major 
effects of H up d on H ad can be summarized as follows: (1) H up d adatoms block the 
adsorption of the active intermediate H ad , i.e., they compete with each other for the 
same site, and/or (2) H up d adatoms affect the adsoiption energy of H ad on the bare 
Pt sites that are neighboured by the H up d. 

The research on hydrogen underpotential deposition (UPD) at electrodes has 
identified the Gibbs energy of H-binding on the surface (A G MeH ) and the half-bond 
energy of H 2 (AG, ). It has been found that AG MeH <AG 1 , so that the UPD 

— H 7 —H 7 

2 2 

equilibria at various 0 were established at potentials more positive than that of the 
HER equilibrium (H 1 + Me + e" <?4> 54 H 2 , where Me refers to the metal reaction 
site). The UPD of H can be expressed as Equation 3.42 [4]: 

H 3 0 + + Me + e (in Me) o MeH ad + H 2 0 (3.42) 

At a potential of E, the proton concentration of C H +, and a surface H coverage 
of 0. the fraction of surface vacant site can be expressed as 1-0. The simplest 
electrochemical thermodynamic relation can be expressed as a function of the 
electrode potential: 


0 /(I -0) = K H c Rt exp(- 


—) 
RT 


(3.43) 


where K H is the reaction constant. Alternatively, Equation 3.43 can be rewritten as 
a Nernst form: 


E(0) 


^MK h c h +) 
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(3.44) 
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The existence of underpotentially deposited hydrogen on metal electrodes was 
confirmed by an electrochemical technique called cyclic voltammetry. Surface 
waves on the cyclic voltammogram curves were used to identify both qualitatively 
and quantitatively the formation and ionization of deposited hydrogen through the 
Volmer reaction (H up d <-» H + +e"). These surface waves are called the hydrogen 
waves. The most extensive studies of hydrogen adsoiption and desorption are 
carried out on the electrode surface of Pt metal groups. For example, several 
research groups [23-26] have recently investigated the nature of adsorbed 
hydrogen on Pt (hkl) in both acidic and alkaline electrolytes. In this section, we 
briefly introduce the electrochemical behavior of adsorbed hydrogen on 
polycrystalline noble metal catalysts, including Pt, Ir, Rh, and Pd, which are known 
to show the underpotential deposition of hydrogen at potentials more positive than 
the thermodynamic reversible potential of hydrogen, E = 0 V vs. NHE. These 
metals have high catalytic activity towards the HER/HOR, and are the most 
frequently used electrocatalysts for PEM fuel cells. 

Figure 3.1 shows the behavior of hydrogen adsorption/desorption on various 
noble metal electrodes. The hydrogen wave usually appears in the potential region 
between 0 and 0.4 V. The potential range is more positive than the reversible 
hydrogen electrode potential (0.00 V at standard conditions). Therefore, this 
hydrogen adsorption/desorption is called “underpotential deposition of hydrogen”. 
These hydrogen waves show almost symmetrical anodic (ionization) and cathodic 
(deposition) features, particularly on a platinum surface, indicating a very rapid 
rate of the Volmer reaction [23-26]. 

As shown in Figure 3.1(a), the hydrogen waves on the cyclic voltammogram 
correspond to the monolayer of adsorbed hydrogen on the platinum surface [23, 27, 
28], The charge associated with a monolayer of adsorbed hydrogen (Q aH ) on a 
smooth Pt electrode surface has been commonly adopted as 210 pC-cnT 2 . This 
standard value was justified by the predominance of the Pt(100) plane [29] or by 
the equal distribution of the three low-index planes [30]. The calculated monolayer 
charge is 208 pC-cnf 2 for the (100) plane, 241 LiC-cni 2 for the (111) plane, and 
147 or 296 pC-cnT 2 for the (110) plane, depending in the last case on whether the 
surface atoms are defined [27, 31]. Therefore, with this standard charge value, the 
real surface area of platinum could be calculated based on the charges under the 
areas of the hydrogen adsorption/desorption wave, using this monolayer charge as 
the standard. 

Iridium (Ir) (Figure 3.1(b)) shows very similar hydrogen adsorption peaks to 
those of Pt. The two peaks observable in the cyclic voltammogram for Ir are 
attributed to two types of adsorbed hydrogen, one having a higher adsoiption 
energy than the other. This behavior is the same as that of Pt. However, the 
hydrogen oxidation region on the Ir electrode overlaps with that of Ir oxide 
formation [25]. The charge of the monolayer hydrogen adsorption on an Ir surface 
is very similar to that of other metals, which is 220 pC-cnf 2 based on the (100) 
plane [28, 32]. 
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Figure 3.1. Electrochemical behaviors of various noble metal electrodes in sulfuric acid 
[23-26], (Graphs (a) & (c) reprinted from Journal of Electroanalytical Chemistry, 35, Rand 
DAJ, Woods R, A study of the dissolution of platinum, palladium, rhodium and gold 
electrodes in 1 M sulphuric acid by cyclic voltammetry, 209-18, ©1972; (b) reprinted from 
J Electroanal Chem, 55(3), Rand DAJ, Woods R, Cyclic voltammetric studies on iridium 
electrodes in sulphuric acid solutions: nature of oxygen layer and metal dissolution, 375-81, 
©1974; (d) reprinted from J Electroanal Chem, 89(1), Michell D, Rand DAJ, Woods R, A 
study of ruthenium electrodes by cyclic voltammetry and X-ray emission spectroscopy, 11— 
27, ©1978; (e) reprinted from J Electroanal Chem, 39(2), Capon A, Parsons R, The effect of 
strong acid on the reactions of hydrogen and oxygen on the noble metals. A study using 
cyclic voltammetry and a new teflon electrode holder, 275-86, ©1972, all with permission 
from Elsevier.) 
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Rhodium (Rh) (Figure 3.1(c)) in acidic media shows similar behavior to Pt, in 
terms of the surface processes of hydrogen ionization/deposition. Flowever, 
hydrogen is less strongly bonded to the Rh than to the Pt [33]. Woods et al. [34] 
suggested that the charge of adsorbed hydrogen on the Rh(100) plane should be 
221 pC-crn 2 . Peuckert [35] reported that the average of the charges on the (111), 
(100), and (110) planes of fee Rh for the monolayer of absorbed hydrogen could be 
221 pC-cnf 2 . 

Although the hydrogen adsorption/desorption behavior on Pt, Rh, and Ir 
electrodes is well-known, the behavior of hydrogen on an Ru electrode (Figure 3.1 
(d)) is not well-characterized because there are no suitable potential regions on an 
Ru surface for FI deposition [36]. Several factors prevent the observation of FI 
adsorption/desorption: (a) the overlap between regions of H deposition and Ru 
oxide reduction or between regions of FI ionization and Ru oxide formation, (b) 
significant absorption/penetration of FI into the Ru [37], and (c) re-oxidation of 
evolved H 2 . In particular, the hydrogen deposition processes that might normally 
be observed in the cathodic sweep are obscured by the slow reduction of surface 
Ru oxide. However, it could be possible to estimate the real surface area of an Ru 
electrode from the hydrogen adsorption charge, in the same way as with Pt [35]. 
For this purpose, a standard value of 251 pC-cnf 2 for a Ru surface has been used 
[24], 

Palladium (Figure 3.1(e)), with the same outer electronic configuration as Pt, 
displays similar electrochemical properties to a platinum electrode. Additionally, 
their catalytic activities for the HER and the HOR are also very similar [38, 39]. 
Two mechanisms have been proposed for hydrogen adsorption onto palladium 
[40-45]: indirect and direct adsorption. Chevillot et al. [46] studied the 
electrochemical behavior of hydrogen adsorption on a Pd black surface, and 
distinguished two superficially adsorbed forms of hydrogen species. However, the 
behavior of both adsorption and desorption of hydrogen on Pd is still not 
completely understood. Because hydrogen penetrates the palladium bulk, it seems 
we cannot accurately determine the real surface area from the charge of adsorbed 
hydrogen on a palladium surface with a hydrogen monolayer. 

3.2.5 The Kinetic Parameters of the Hydrogen Oxidation Reaction 

The Tafel equation // = /ixcxp(z7z„) describes the relationship between overpotential 
and current density. Two parameters, i.e., exchange current density z„ and Tafel 
slope b, are the most important kinetic parameters to measure the electrochemical 
activity of an electrode material. Exchange current density i a is analogous to the 
rate constant used in chemical kinetics, and a high value of i a often translates into a 
fast electrochemical reaction. On the other hand, a smaller Tafel slope is desirable 
from the kinetic point of view to obtain a smaller overpotential. As for any 
electrochemical reaction, the Tafel slope b is a function of temperature in the form 
RT 

of b =-, where n a is the electron transfer number and a is the electron 

a n a F 

transfer coefficient. For the HOR, n a is widely reported as 2.0 and a is reported to 
be independent of temperature, with a well-recognized value of 0.5; this contrasts 
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with a for CL reduction, which is a temperature-dependent parameter [8], Table 3.1 
provides the exchange current density and Tafel slope of the HOR in acidic 
solutions on various metals that are currently and potentially useful for PEM fuel 
cell applications. 

Table 3.1. Kinetic parameters for the HOR in acidic solutions on various metals [14], 
(Reprinted with permission from Appleby AJ, Kita H, Chemla M, Bronoel G. Hydrogen. In: 
Encyclopedia of the electrochemistry of the elements IXa. Bard AJ, editor. New York: 
Marcel Dekker: 1973.) 


Substrate 

Solution 

Temp. °C 

i 0 , A cm 2 

b, mV 

Form 

Pt 

0.5 M H 2 S0 4 

25 

2.57xl0“ 3 

25 

Small sphere 

Rh 

1 M H 2 S0 4 

29 

1.58xl0“ 3 

118 

Wire 

Ru 

1 M H 2 S0 4 

25 

4.47x10 -5 

117 

Electrodeposition 

Re 

0.145 MHC1 

25 

7.24x10“ 6 

29.2 

Wire 

Ir 

1 M H 2 S0 4 

25 

1.62xl0“ 3 

122 

- 

Pd 

0.1 MHC1 

26 

1.58xl0“ 3 

110 

Wire 

Ni 

1 M H 2 S0 4 

24 

6.31xl0“ 6 

95 

Plate 

Co 

1 M H 2 S0 4 

25 

1.38xl0 -5 

109 

Electrodeposition 

Au 

1 M H 2 S0 4 

20 

4.37x1 O' 6 

116 

Wire 

Sn 

1 M H 2 S0 4 

25 

2.00x10“ 8 

115 

- 

W 

5 MHC1 

25 

l.OOxlO -5 

110 

Wire 


It must be noted that those kinetic parameters depend not only on the measurement 
conditions, such as temperature, but also on the structures of the catalyst. Table 3.2 
lists the exchange current density of the HOR as a function of temperature on the 
PtRu/C anode in a real PEM fuel cell, measured and simulated by Song et al. [8] 
and Zhang et al. [47]. 

Table 3.2. Measured and simulated i 0 of the HOR in a PEM fuel cell [8, 47]. (Data reprinted 
from Electrochimica Acta, 52.7, Song C, et al., PEM fuel cell reaction kinetics in the 
temperature range of 23-120 °C, 2552-61 and from Journal of Power Sources, 172.1, Zhang 
J, et al.. Polybenzimidazole-membrane-based PEM fuel cell in the temperature range of 
120-200 °C, 163-71, both ©2007, with permission from Elsevier.) 


Temp. °C 

23 a 

40 a 

60 a 

© 

OO 

O 

© 

120 b 

140 b 

OS 

O 

cr 

OO 

O 

cr 

200 b 

i« 

10 3 A cm 2 

1.73 

4.06 

7.21 

12.3 

32.5 

10.2 

21.8 

35.1 

68.2 

116.0 


a Fuel cell operated at 3.0 atm (absolute) and 100% relative humidity; b Fuel cell operated at 
ambient pressure and 0% relative humidity. 
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3.3 Electrocatalysis of Hydrogen Oxidation 

The electrocatalysis of the HOR is one of the important areas in fuel cell 
applications. In general, electrocatalysis can be considered a specific type of 
heterogeneous catalysis whereby reactants and products adsorb onto the catalyst 
surface during the reaction process. The reactants, activated by interaction with the 
catalyst surface, are rapidly and selectively converted to adsorbed products. Then, 
the adsorbed products leave the catalyst surface in a desorption step, freeing the 
surface for the next cycle of the reaction to continue. Since the catalyzed 
electrochemical reaction occurs at the catalyzed electrode/electrolyte interface, the 
intrinsic kinetic rate of an electrochemical reaction (measured by the exchange 
current density) strongly depends on the potential difference between the catalyst 
surface and the electrolyte, as well as on the kind of catalyst and its surface 
morphology. For electrode reactions, the exchange current density can vary from 
about 10 3 A -0111 2 at a platinum electrode to 10 13 A-cm 2 at a mercury electrode 
for the anode reaction (HOR), and from 10 1,1 A-cm 2 at a platinum electrode to 10 s 
A-cm 2 at a copper electrode for the cathode reaction (ORR) [48]. Under normal 
conditions, the HOR on Pt is approximately 5 to 7 magnitudes more rapid than the 
ORR, and has one of the fastest known specific rate constants in aqueous solutions 
[49], 

Studies on HOR electrocatalysis have built up a foundation for all modern 
electrocatalysis. Since the pioneering work of the 1960s, when the dependence of 
hydrogen adsorption upon the crystallographic orientation of the platinum surface 
was discovered, the study of the relationship between electrochemical activity and 
surface structure has been the main theme of electrochemical research [50], In this 
section, we first introduce the electrocatalysis of the HOR on Pt and Pt-alloy 
electrodes, with detailed discussion of the structure-sensitivity of hydrogen 
adsorption on well-defined Pt surfaces. Then we discuss two types of non-noble 
catalysts for the HOR: carbides and Raney nickels. 

3.3.1 Platinum and Platinum Group Metals (Pt, Ru, Pd, Ir, Os, and Rh) 

Since adsorption and desoiption of reactants on a catalyst surface can directly 
affect its catalytic ability, a “Volcano curve” is often plotted to correlate the 
exchange current density of the HOR with the enthalpy of H adsorption. If the 
enthalpy is too small, a slow adsorption kinetic will result and limit the rate of the 
overall reaction; if the enthalpy is too high, the desorption of H becomes difficult. 
Hence, this H desorption step will become a rate determining step within the 
overall reaction. Therefore, an intermediate value in the enthalpy of H adsorption 
on a catalyst is required in order for it to be an active catalyst. As shown in Figure 
3.2, Pt and Pt-group metals all have intermediate values of H adsorption and 
display high catalytic activities [5]. Platinum-group metals, including Pt, Ru, Pd, 
Ir, Os, and Rh, have long been known as catalysts for both the ORR and the HOR 
[51]. On platinum-group metal surfaces, the chemisorption of hydrogen can easily 
remove the adsorbed oxygen with the formation of water at room temperature, 
which does not normally occur on other transition metals because they bind oxygen 
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too strongly [52]. Another characteristic of platinum-group metals is their ability to 
dissociate H 2 in the presence of H 2 0. 



Figure 3.2. Volcano plot for electrocatalysis of the hydrogen reaction, in terms of (logi 0 ) as 
a function of the enthalpy of hydrogen adsorption on various catalysts [5] 

3.3.1.1 Pt (hkl) 

Among the platinum-group metals that are the most electrocatalytically active 
electrode materials for the HOR, platinum exhibits the highest exchange current 
density [53], The major effort in HOR electrocatalysis has been focused on 
understanding rate dependency on the atomic-scale morphology of a platinum 
single-crystal surface. Almost all the early kinetic studies of the HER/HOR were 
carried out on either polycrystalline platinum electrodes [9] or platinum single 
crystals [54] that had poorly defined surface structures. In the early studies, the 
kinetics of the HER/HOR on Pt (hkl) was reported to be insensitive to the surface 
crystallography. Only recently, catalysis studies on well-defined Pt single-crystal 
electrodes clearly demonstrated that the HER/HOR kinetics on Pt (hkl) vary with a 
crystal face that has “structure sensitivity” [2, 55]. This sensitivity is mainly caused 
by the structure-sensitive adsorption of hydrogen and electrolyte anions. It has 
been recognized that the Pt plane is the most active surface for the HOR [53]. 

A well-defined and clean Pt (hkl) single-crystal electrode can be prepared either 
by techniques such as sputtering and annealing in ultrahigh vacuum (UHV) [56, 
57] or by annealing the single crystal in a hydrogen-air flame [58-60]. The atomic 
scale structures and surface chemistiy of well-defined pure Pt surfaces can be 
interrelated with the adsorption/desorption of reactive species (hydrogen). 
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intermediate species, as well as “spectator” species in terns of the HOR catalytic 
kinetics. Within the limited framework of this chapter, we do not intended to 
review the full spectrum of the structure and surface chemistry of Pt (hkl) and Pt 
bimetallic alloy surfaces. A number of reviews should be consulted for further 
information on this topic [53]. 



Pt(110) - Pt(100) -Pt(lll) 


Figure 3.3. Ideal models for the adsorption of H up d and H op d on Pt (hkl) surfaces [53], 
(Reprinted from Surface Science Reports, 45(4-6), Markovic N. M. and Ross P. N., Surface 
science studies of model fuel cell electrocatalysts, 117, ©2002, with permission from 
Elsevier.) 

As discussed above, the mechanism for the HOR on a platinum electrode in 
acid electrolyte proceeds through two pathways, Tafel-Volmer and Heyrovsky- 
Volmer, both of which involve the adsorption of molecular hydrogen (H ad ), 
followed by a fast charge-transfer step: 

Pt + H 2 —» 2Pt-H ad (rate determining step, Tafel) (3.43) 

Pt + H 2 -» H + + Pt-H ad + e" (rate determining step, Heyrosky) (3.44) 

Pt-H ad —» Pt + H + + e" (fast charge-transfer, Volmer) (3.45) 

With respect to these mechanisms, it has been established that H ad is the reactive 
intermediate in the HOR, and therefore the kinetics of the HOR is mainly 
determined by the interaction between H ad and the Pt surface atoms [21, 53]. As 
discussed above, there are two different possible states of adsorbed hydrogen. One 
is the Hupd (the underpotentially deposited hydrogen), which is the “strongly” 
adsorbed state formed on the surface at potentials more positive than the Nernst 
potential, and the other is the H op d (the overpotentially deposited hydrogen), which 
is the “weakly” adsorbed state formed close to or negative with respect to the 
Nernst potential [18, 22]. Markavie et al. [50] conducted comprehensive laboratory 
studies in an effort to understand the structural sensitivity of the HOR/HER 
kinetics and the mechanism catalyzed by Pt (hkl) surfaces in aqueous electrolyte. 
They proposed that H op d and H up d are the reactive intermediate and the spectator in 
the HOR, respectively. H up d can indirectly affect the state of H op d, thus changing 
the HOR kinetics on Pt (hkl) through two modes: (1) H up d may block the 
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adsorption of H op d on active Pt sites, i.e., H up d competes for the same site, and (2) 
H up d may alter the adsoiption energy of H op d on the bare Pt sites neighboured by 
H up d. Depending on the surface structure of the well-defined Pt, i.e., (110), (100), 
or (111), the influence of the H up d state on the HOR kinetics is different, resulting 
in different mechanisms. Figure 3.3 shows the structural model for both H up d and 
H op d on the Pt(l 11)-(1 x 2), Pt(100)-(1><1), and Pt(l 11)-( 1><1) surfaces, and Table 
3.3 lists the kinetic parameters for the HER and the HOR on Pt (hkl) in 0.05 M 
H 2 S0 4 at different temperatures. 


Table 3.3. Kinetic parameters for the HER and the HOR on Pt (hkl) in 0.05 M H 2 SO 4 at 
different temperatures [50] 


Pt (hkl) 

dE/dlog i 

i« 

(m \ cm 

2 ) 

Activation 

energy 

(kJ mol' 1 ) 

Mechanism 


(mV dec' 1 ) 

274 K 

303 K 

333 K 

(rds) 

Pt(llO) 

2.3RT/2F 

0.65 

0.98 

1.35 

9.5 

Tafel-Volmer 

Pt(100) 

low CD: 
2.3RT/3F 

high CD: 
2x2.3RT/F 

0.36 

0.60 

0.76 

12 

Heyrovsky- 

Volmer 

Pt(lll) 

~ 2.3RT/F 

0.21 

0.45 

0.83 

18 

Heyrovsky or 
Tafel-Volmer 


3.3.1.2 Pi Alloy and CO-tolerant Catalysts 

Although the HOR has a fast kinetics on pure Pt catalyst surfaces, a serious 
poisoning problem arises when the PEM fuel cell is supplied with impure hydrogen 
containing carbon monoxide. In this case, CO is adsorbed strongly and irreversibly 
at the active sites on a pure Pt surface, mostly through bridge-bonding. This not 
only affects the reactivity of the accessible electrode surface by blocking H 2 
adsorption but also lowers the reactivity of the remaining uncovered sites through 
dipole interactions and electron capture. Another disadvantage of pure platinum as 
a catalyst for the HOR is its high price and the possibility of depleting these 
mineral reserves if fuel cells were to be widely used [61]. Therefore, intensive 
research efforts in the last few decades have been focused on developing 
electrocatalysts by alloying Pt with other metals to increase the CO tolerance 
(defined as the maximum level of CO up to which the kinetics of the HOR are 
largely unperturbed) and reducing the use of Pt. Generally, alloying Pt with a 
second element can enhance the catalytic ability of the primary element, Pt, 
through one or more of the following effects: (1) bifunctional effects, whereby the 
second component provides one of the necessary reactants; (2) ligand (electronic) 
effects, in which the second component (promoter) alters the electronic properties 
of the catalytically active metal to affect the adsorption/desorption of the 
reactants/intermediates/poisons; and (3) ensemble (morphological) effects, in 
which the dilution of the active component, Pt, with the catalytically inert metal 
changes the distribution of the active sites, thereby opening different reaction 
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pathways [2]. The bifunctional model was first introduced into electrocatalysis by 
Watanabe and Motoo [62] for the oxidation of bulk C0 2 /CO on a Pt surface 
modified by electrodeposited Ru. In the development of electrocatalysts for the 
HOR, the most commonly used strategy is to modify a Pt electrode by depositing 
atoms of elements such as Ru [63], Sn [64], Rh [65], Mo, Ni [66], etc. on its 
surface to form a binary alloy. Some of the alloy catalysts can free the Pt surface 
by catalyzing the oxidation of CO at potentials much lower than those observed for 
Pt (bifunctional effects). A typical example is a Pt-Ru alloy catalyst with a 1:1 
atomic ratio [67, 68]. Some other alloy catalysts, such as Pt-Ni and Pt-Fe, can also 
lower the adsorption of CO at the electrode surface by modifying the electronic 
structure (i.e., the ligand effect, which is illustrated in Figure 3.4) and thus 
suppressing CO coverage through alloying Pt with the second metal [69]. In the 
case of the ensemble effect, some alloys can modify the nature of the CO 
adsorption by introducing a steric, as observed with Pd-Ag alloys [70]. Efforts 
have also been made to improve the CO tolerance of Pt-Ru catalysts by adding a 
third component into the binary metal catalyst, such as W [70], W0 2 [70, 71], Sn 
[70], Os, Pd [72], Co, Ir, Mn, Cr [73], Au, Ag, Rh, or W 2 C [74] to make a ternary 
alloy. These third components help in CO oxidation (b i function til effects) and/or 
reduce CO adsorption on Pt. 



Figure 3.4. CO coverage on various surfaces of alloy electrodes, under steady H 2 oxidation 
conditions at 20 mV vs. RHE in 0.1 M HC10 4 saturated with 100 ppm CO/H 2 at room 
temperature [69]. (Reproduced by permission of ECS—The Electrochemical Society, from 
Holleck GL, Pasquarello DM, Clauson SL. Carbon monoxide tolerant anodes for proton 
exchange membrane fuel cells.) 

Despite significant achievements in alloying Pt with other metal(s) to form 
active and CO-tolerant catalysts, there remain some unsolved problems for the 
applicability of these alloy catalysts to real fuel cell systems. One of the major 
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barriers is the physical-chemical instability of the modified catalyst surfaces. With 
respect to this, a new research approach is to develop catalysts with an ordered Pt- 
based intermetallic phase in order to fabricate alloy catalysts; this approach seems 
to hold great promise for applications in real electrochemical systems [61, 75]. 
These intermetallic materials offer the possibility of controlling the electron 
density pattern and the disposition of active sites over the surface, by varying the 
composition of the elements present in the intermetallic phase. In this way, the 
adsorption of H 2 at the catalyst surface can be modulated. In addition, these metal 
materials provide great physical-chemical stability for real applications. For 
example, Innocente et al. [61] experimentally investigated the HOR kinetics and 
mechanisms catalyzed by Pt-ordered intermetallic materials in acid medium, using 
the RDE method [61], In their report, PtSb and PtSn, which contain 50% less Pt 
than a pure Pt electrode, exhibited markedly improved kinetic current densities and 
exchange current densities compared with Pt under the same conditions. However, 
more research is needed to validate the experimental results obtained with ordered 
intermetallic phases within a real fuel cell operating environment. 

3.3.1.3 Supported Pt Catalysts 

Since catalyst performance for the HOR is strongly dependent on the total active 
surface area, supported catalysts have been developed to maximize the catalyst 
surface area. Compared to bulk Pt catalysts, supported catalysts show higher 
activity and stability due to fine dispersion, high utilization, and stable nanoscale 
metallic particles. 

At present, carbon black materials are the most commonly used carbon 
supports for PEM fuel cell catalysts. Supported catalysts have several advantages 
over unsupported catalysts [76]: (1) they have relatively higher stability than 
unsupported catalysts in terms of agglomeration under fuel cell operating 
conditions; (2) the porosity of carbon black assures gas diffusion to the active sites; 
(3) the good electric conductivity of the carbon support allows electron transfer 
from catalytic sites to the conductive carbon electrodes and then to the external 
circuit; and (4) the small dimensions of catalyst particles (nanoscale) dispersed on 
a carbon support can maximize the contact area between catalyst and reagents. 
There are many types of carbon blacks, which are usually manufactured by 
pyrolyzing hydrocarbons. Different carbon blacks show different physical and 
chemical properties. These properties have strong effects on the properties of the 
supported metal catalysts, such as metal particle size, morphology, size 
distribution, alloyed degree, stability, and dispersion, and on the preparation 
procedures as well. Therefore, in order to optimize the performance of the catalyst, 
a suitable carbon black support has to be down-selected, taking into consideration 
properties such as specific area, porosity, morphology, surface functional groups, 
electronic conductivity, corrosion resistance, etc. 

Nanostructured carbon such as carbon nanotubes (CNTs) [76, 77-79] is another 
type of carbon support. CNTs are a promising kind of material for catalyst support 
in fuel cell catalysis applications, due to their unique electrical and structural 
properties. The reported studies have shown that CNTs are superior to carbon 
blacks as catalyst supports for PEM fuel cells [80]. Matsumoto et al. [81] reported 
that a CNT-supported Pt catalyst with 12 wt% Pt loading could give a 10% higher 
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fuel cell voltage and twice the power density of a carbon-black-supported catalyst 
with 29% Pt loading [81]. However, CNT supports currently face some challenges 
for fuel cell application in terms of large-scale production and cost-effectiveness, 
due to the harsh conditions required for their synthesis and the low production 
yields. 



Figure 3.5. SEM pictures of Pt-coated nanostructured whiskers. Left: the plane view at 
10,000 magnification; right: 45° angle view at 150,000 magnification [82], (Reprinted with 
permission from Stahl JB, Debe MK, Coleman PL. Enhanced bioadsorption characteristics 
of a uniquely nanostructured thin film. J Vac Sci Techno A 1996; 14(3): 1761—5. ©1996 
American Vacuum Society.) 


Another example of novel catalyst support is the ultra-thin nanostructured (NS) 
film system. This support system consists of a uniquely structured thin film 
composed of highly oriented, densely packed crystalline organic whiskers. On 
these whiskers, the catalyst particles are deposited by vacuum coating methods 
(Figure 3.5) [82]. Due to the well-defined and highly controllable nature of the 
oriented thin film, the process for making a catalyst supported on this thin film 
intrinsically results in extremely high degrees of catalyst uniformity. However, this 
uniformity may not be obtainable for the heterogeneous surface of a conventional 
carbon black support [83]. In addition, the long-term stability of this system can be 
an issue. 

Recently, carbon aerogels and carbon cryogel have attracted a great deal of 
attention as new mesoporous supports of electrocatalysts for the HOR in PEM fuel 
cells, due to their advanced characteristics such as a tortuous open-cell structure, 
ultrafine particle and pore size, and high specific surface area [84-86]. Their 
unique microstructure originates from their wet-chemical preparation by the 
solution sol-gel method and their subsequent solvent removal via supercritical- or 
freeze-drying. Despite their superior properties as catalyst supports, their very 
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costly preparation procedure limits large-scale commercialization. Babic et al. [87] 
investigated the effect of the specific surface area of a carbon support on the 
catalytic properties of Pt/C electrodes, using both carbon cryogel and commercial 
Vulcan XC72. In their report, Pt/C catalyst prepared by the carbon cryogel material 
has a lower mean particle size (2.6 nm) and a narrower particle size distribution 
than that prepared by the Vulcan XC72 support. In addition, larger electrochemical 
surface area and higher Pt utilization were also reported with catalysts prepared by 
carbon cryogel. 

3.3.2 Carbides 

Extensive research efforts have attempted to identify cheaper substitutes for the Pt- 
based catalysts in PEM fuel cell applications [88]. In 1973, Levy et al. [52] found 
that carbides of Groups IV-VI elements showed catalytic properties similar to 
those of Pt-group metals. Among those, tungsten carbide has been the most 
extensively studied as an electrocatalyst for the HOR in PEM fuel cells because of 
its Pt-like catalytic behavior, its stability in acid solutions at anodic potentials, and 
its resistance to CO poisoning [89, 90]. It was reported that the Pt-like catalytic 
properties of tungsten carbides are due to a change in the electron distribution of 
tungsten by the addition of carbon [91]. In particular, carbon could reduce the high 
reactivity of tungsten towards oxygen by adding its valence electrons to tungsten, 
which helps the latter to remove adsorbed oxygen with hydrogen [52]. However, 
the electrocatalytic activity of tungsten carbide and its immunity to CO are highly 
sensitive to the synthesis technique [91, 92], The preparation of tungsten carbide 
involves synthesis of the oxide precursors, followed by their reduction in flowing 
hydrogen, carburization with different carbiding gases, and then passivation 
treatment [52, 93]. Hara et al. [88] studied the electrocatalytic activity of tungsten 
carbides (WC) with different crystalline phases. They reported that a-WC with a 
hexagonal lattice is the most favorable catalyst candidate for the HOR among the 
WCs with various types of crystalline phases. The introduction of a small amount 
of Pt onto the a-WC could lead to a specific activity much greater than that of the 
commercially available Pt catalyst. The enhanced HOR activity of a Pt-WC 
catalyst is considered to be a result of the better utilization of Pt and the synergistic 
effect between Pt and a-WC. 

3.3.3 Raney Nickel 

Transition metal alloys, notably Raney nickel, have also been investigated 
extensively as catalysts because of their interesting electronic and chemical 
properties [94]. Raney nickel is a solid catalyst, composed of fine grains of a 
nickel-aluminum alloy, and has been used in many industrial processes. Its 
application in the fuel cell field has been focused on alkaline ftrel cells (AFC) 
rather than PEM fuel cells, due to potential corrosion in PEM operation media. 
Raney nickel’s unique catalytic activity for the HOR as a non-noble catalyst makes 
it worth inclusion in this chapter. 

Raney nickel consists of a nickel lattice with a large number of defects, formed 
during its production by dissolution of aluminum from aluminum-nickel alloys in 
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concentrated sodium hydroxide [95], The porous structure left behind after this 
aluminum dissolution has a large surface area, which yields high catalytic activity. 
The residual aluminum content, depending upon the conditions of dissolution, 
varies between 3 to 25% of the original content [96]. The number of H atoms 
bonded per Ni atom in freshly prepared Raney nickel has been measured as a 
function of pre-treatment. The results reported in the literature run from 0.12 to 
2.0. Normally, the HOR proceeds in a potential range of 0 to 0.15 V in alkaline 
electrolyte. If the potential is too high, oxidation of nickel occurs, resulting in 
inactivation of the catalyst [96]. The exchange current density for the HOR was 
estimated by Sturm et al. [96] to be about 1x10 5 A cm 2 , referring to the real 
surface area. 

The Raney nickel catalyst can usually be stabilized by 2 to 4 wt% titanium and 
additionally activated by a small percentage of molybdenum [95] or platinum [97]. 
Although Raney nickel has excellent hydrogen adsorption ability and relatively 
large surface area, some disadvantages have also been reported, such as high 
electrolyte diffusion resistance due to low pore volume and small pore size [98, 
99], and insufficient conductivity [97]. One type of mitigation is to support Raney 
nickel on carbon blacks, which will decrease its electrolyte diffusion resistance and 
increase its electrical conductivity [97]. 

Great efforts have been made to modify Raney nickel-based electrocatalysts to 
improve the performance of the fuel cell. Jenseit et al. [100] and Al-Saleh et al. 
[101] reported that impregnating Raney nickel with copper yielded a higher 
exchange current density and a lower activation energy. Tomido et al. [102] 
demonstrated that spongy Raney nickel prepared by spraying molten aluminum on 
nickel spongy plate provided good thermal and electrical conductivity, as well as 
good mechanical strength. The Kiros group [103] showed that doping Raney nickel 
with Cr, La, Ti, Cu, and Fe could have positive effects on the activity and stability 
of the catalysts. Linnekoski et al. [97] reported that mechanically alloying Raney 
nickel and carbon using a ball mill with the addition of 2 wt% Pt remarkably 
improved the performance of the fuel cell. 

3.3.4 Typical Example Analysis - PtRu Alloy as a CO-tolerant Catalyst for the 
HOR 

A CO level in the hydrogen stream as low as 5 ppm can cause significant 
degradation of Pt activity toward the HOR. Developing CO-tolerant catalysts for 
the fuel cell HOR is necessary if the fuel cell uses a reformate gas as fuel feed. 
PtRu alloys have been the most promising catalysts for the HOR in alleviating the 
CO poisoning problem. This section introduces the PtRu electrocatalysis 
mechanism of CO tolerance, which is mostly based on work by Gasteiger et al. 
[104, 105] and Watanabe [69, 106]. 

The oxidation reaction of adsorbed CO on most metal surfaces, including Pt 
and Ru, takes place by reacting with oxygen-containing species OH ld through a 
Langmuir-Hinshelwood (L-H)-type reaction to form C0 2 [2, 107]: 

CO a d + OH a(1 —> CO? + H + + e (3.46) 



158 H. Li, K. Lee and J. Zhang 


where OH a( j results from oxidative water decomposition in acid solution or from 
OH" discharge in alkaline solution. 

It is well known that a Pt surface has a very high affinity towards CO 
adsorption through strong and irreversible bridge-bonding [108], and that CO 
oxidation on a Pt electrode does not commence before a 0.6 V (vs. SHE) [107]. 
Therefore, the HOR on a Pt electrode in the presence of CO is suppressed until the 
electrode potential reaches a value at which CO can be oxidized [105]. For a PtRu 
catalyst, the adsorption of CO on a Ru surface is as simple as on a Pt surface, 
forming a strongly adsorbed saturated monolayer. However, the Ru-induced 
nucleation of OH 11( i starts at relatively low electrode potentials, resulting in a 
reduced overpotential for CO oxidation (= 0.25 V) [105]. 

Despite its superior activity toward CO oxidation, Ru is a poor catalyst for the 
HOR, several orders of magnitude less active (~ 0.003 A cm" 2 ) as compared with 
pure Pt (> 0.3 A cm" 2 ) [105]. Due to the extremely high activity of pure Pt for the 
HOR, a PtRu alloy surface with Ru atomic ratio > 50% can still sustain the HOR at 
a practical current density level (~ 500 mA cm" 2 ). It is believed that the activity 
enhancement of PtRu compared with pure Pt in the presence of CO is due to the 
bifunctional mechanism, wherein the lower electrode potential for OH a( j (and thus a 
reduced overpotential for CO oxidation on Ru) would reduce the steady-state 
coverage of CO and provide free surface sites for the HOR. 
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Figure 3.6. Hydrogen oxidation current on rotating disk electrode at 20 mV in 0.1 M HCIO 4 
saturated with 100 ppm CO/H 2 at room temperature [69]. (Reproduced by permission of 
ECS—The Electrochemical Society, from Holleck GL, Pasquarello DM, Clauson SL. 
Carbon monoxide tolerant anodes for proton exchange membrane fuel cells.) 

Watanabe et al. [106] prepared a Pt 15 Ru <55 alloy on a glass disk plate by 
sputtering Pt and Ru elements simultaneously, and tested the CO tolerance for the 
HOR using a rotating disk electrode in 0.1 M HCIO 4 saturated with 100 ppm 
CO/H 2 . For comparison, a pure Pt electrode was also tested under the same 
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conditions to assess the kinetic currents for the HOR as a function of CO poisoning 
time [69, 106]. Their experimental results, shown in Figure 3.6, indicate that PtRu 
exhibited no degradation in the current over a prolonged time period, while the 
current on pure Pt declined completely within 30 minutes [69, 106]. 


3.4 Conclusions 

This chapter has focused on the fundamental aspects of the catalyzed hydrogen 
oxidation reaction (FIOR), which occurs at the anode side of PEM fuel cells. The 
kinetics and mechanisms of the FIOR have been introduced, with detailed 
discussion of hydrogen surface adsorption and reaction. The FIOR proceeds 
through either the Volmer-Tafel sequence or the Volmer-FIeyrovsky sequence, 
depending on the nature of the electrode and the electrolyte, and its pathway 
directly relates to its kinetic parameters. The electrocatalysis of the FIOR was 
discussed in detail with respect to various electrocatalysts, including well-defined 
Pt, Pt alloys, carbides, and Raney nickel. A typical Volcano curve was introduced 
as the means of determining the effectiveness of a particular FIOR catalyst. Finally, 
the chapter has ended with an example of a state-of-the-art electrocatalyst for the 
FIOR, i.e., the PtRu catalyst. It is hoped that readers will come away with a 
fundamental understanding of the kinetics, mechanisms, and electrocatalysis of the 
HOR. 
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Electrocatalytic Oxidation of Methanol, Ethanol and 
Formic Acid 
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4.1 Introduction 

4.1.1 Historical Overview: 1960-1990 

Detailed investigations of CH 3 OH, C2H5OH, and HCOOH electrooxidation started 
about five decades ago, with the advent of modern potentiodynamic techniques, 
driven initially by the goal of elucidating some of the most interesting and 
challenging electrode kinetic problems. Many pioneering studies that withstood the 
test of time and the continuous sophistication of surface electrochemistry 
techniques were published in the 1960s by Petry, Bagotzky, Daniel-Bek, Breiter, 
and others [1-14]. Important results were obtained, such as: (i) phenomenological 
interpretation of anodic polarization curves (e.g., determination of Tafel parameters 
for CH3OH oxidation on Pt [3], C2H 5 OH oxidation in alkaline media on Ni and 
Pd/C [4], HCOOH oxidation on Pd [ 6 ] and Pt/C [7]); (ii) discovery of the co- 
catalytic effect of Ru with respect to Pt for CH 3 OH oxidation [1, 8 ]; (iii) 
investigation of the potential dependent adsorption of CH 3 OH and HCOOH on Pt 
and the associated parallel (or dual) pathway mechanism [9-12]; and (iv) 
mathematical modeling of flooded porous electrode behavior [13, 14]. 

The possibility of power generation utilizing CH 3 OH, C 2 H 5 OH, and HCOOH 
as anodic fuels coupled with an 0 2 or air gas diffusion cathodes (i.e., what is now 
commonly referred to as direct fuel cells. Figure 4.1) was recognized early on. 
Initially, ionic conductivity on the anode side was provided by liquid electrolytes 
(e.g., concentrated H 2 S0 4 , H 3 PO 4 , or KOH). The patent literature from the 1960s is 
very rich in ideas that are still of interest today. Sandstede et al. described ternary 
and quaternary Pt alloys with elements such as Ir, Os, Mo, Ru, and Re supported 
on Au grid, as anodic catalysts for both methanol and formic acid direct fuel cells 
[15]. Furthermore, the use of Ti electrodes (mesh or compacted powder) with 0.1 
to 10 wt% Pt coating was proposed as a direct methanol fuel cell anode in acid 
media [16], In the case of the direct ethanol fuel cells, electrodes composed of Pt 
alloyed with Mo, V, Cu, W, Mn, or Ce supported on porous graphite were 
investigated as anodes in 30 vol% C 2 H 5 OH and 30 wt% H 2 S0 4 solution. Promising 
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results were reported for the Pt-Mo formulation (0.72 V at 40 mA cm -2 , 328 K) in 
an undivided fuel cell design, where the C 2 H 5 0 H-H 2 S 0 4 solution was suspended in 
a silica gel-filter paper pulp slurry and the cathode was Pb0 2 [17]. Binder et al. 
employed a W/C (1:1 weight ratio) anode for the direct formic acid fuel cell in 3 N 
H 7 SO 4 , thus searching for ways to eliminate the use of precious metal catalysts 
[18]. 

Anode:C x H y O z + (2x-z)H 2 0—» xC0 2 +(4x + y-2z)H + +(4x + y-2z)e~ 
Cathode:(x + y/4-z/2)0 2 + (4x + y - 2z)H + + (4x + y - 2z)e~ —> (2x + y/2 - z)H 2 0 
Fuel cell reaction: C x FI y O z + (x + y/4-z/2)0 2 —> xC0 2 + (y/2)FI 2 0 


Table 4.1. Direct fuel cell standard potentials at 298 K 


Fuel 


E° cell (at 298 K) / V 

II 

N 

II 

>7 

II 

K 

CH 3 OH 

1.19 

x = l; y = 2; z = 2 

HCOOH 

1.43 

x = 2 ; y = 6 ; z = 1 

C 2 H 5 OH 

1.14 


In the 1970s and 1980s the major trend was to study the electrooxidation 
reaction mechanisms and elucidate the surface adsorbed species acting as 
intermediates and/or catalytic poisons. This was facilitated by progress in 
experimental apparatus (e.g., development of methods for electrode potential- 
dependent analysis of surface and bulk intermediates and reaction products) and 
introduction of new techniques for easy preparation of clean single crystal 
electrodes (i.e., the Clavilier method [19]). 

Thus, the structural sensitivity of CH 3 OH electrooxidation was demonstrated 
using Pt single crystal electrodes. It was first shown by Bagotzky et al. that Pt 
crystal faces with denser atomic packing yielded higher methanol oxidation rates, 
although the adsorption isotherms were identical. Therefore, electronic effects 
rather than active center-based surface structures were invoked to explain the 
observed results [20]. In the early 1980s Clavilier and co-workers refined these 
concepts using more precise experimental methods and showed that Pt(110) is the 
most active plane but also very sensitive to poisoning by CO a d (both linearly and 
bridge bonded). Pt(lll) on the other hand is less affected by poisoning, whilst 
Pt(100) is blocked by adsorbed intermediates over a wide potential range but could 
be cleaned at high anode potentials [21, 22]. 

Extensive studies were carried out in the same time period regarding the 
structural sensitivity of F1COOH electrooxidation. The rate of formic acid 
oxidation was highest on Pt(lll), and up to four-fold current enhancement was 
reported for a 60% (111) oriented surface compared to a polycrystal [23-25]. 
Interestingly, in contrast to the methanol case, Pt( 111) exposed to formic acid was 
less poisoned by CO a d [26]. Weaver and collaborators compared the structural 
sensitivity of CH 3 OH, C 2 H 5 OH, and HCOOH electrooxidation on single crystal Pt 
using real-time FTIR coupled with quasi-steady state voltammetry [27]. This study 
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underlined the effectiveness of Pt(lll) for all three fuels, characterized by low 
CO a d surface coverage. On the other hand, CO a d surface coverage of 0.7 and higher 
was detected for HCOOH oxidation on either Pt(110) or Pt(100). Ethanol was 
predominantly oxidized to acetic acid on Pt(lll) by a 4e“ mechanism with some 
contribution by the 12e~ oxidation to CO 2 . On Pt(100) and Pt(110) the 2e~ 
oxidation to acetaldehyde was observed, especially at low overpotentials [27]. 

Furthermore, Conway and co-workers discovered an interesting activation 
effect for the electrochemical oxidation of HCOOH. Trace amounts of acetonitrile 
(e.g., 5xl(T 4 M CH 3 CN) and Hg (electrodeposited from 3xl0“ 6 M Hg 2 S0 4 ) 
enhanced up to six times the HCOOH oxidation peak current density on Pt 
(occurring at around 0.6 V vs. SHE) [28]. This was attributed to a third-body effect 
caused by CH 3 CN and Hg adsorption at potentials below 0.35 V vs. SHE. A 
similar activation effect was identified in the case of adsorbed sulfur [29, 30] and 
iodide [31]. For CH 3 OH on Pt, however, the presence of acetonitrile inhibited the 
reaction, since the number and arrangement of active sites required for 
electrooxidation are different [28]. 

Considerable effort was directed toward finding efficient co-catalysts or 
promoters that, together with Pt, could enhance the rate of anodic oxidation of 
methanol and formic acid. The oxidation of ethanol received comparatively less 
attention in the 1970s and 1980s, most likely due to the more complex electrode 
kinetics and catalysis imposed by the C-C bond. 

A seminal contribution to understanding the mechanism of HCOOH 
electrooxidation on Pt and Pt-Pd alloys was carried out by Capon and Parsons. 
They analyzed the experimental data on the basis of the dual-pathway mechanism 
involving both CO ad and another more reactive intermediate [32, 33], Research in 
the area of non-Pt catalysts was less extensive, and arguably the only practical 
alternative put forward in that period was Pd, in the case of HCOOH [34]. 
Interesting results were published on the electrocatalysis of formic acid oxidation 
using Pt modified with various adatoms, obtained by underpotential deposition. 
Adatoms such as Pb, Bi, and Sn were found to be effective in enhancing the 
electrocatalytic activity for both smooth and porous Pt electrodes [35-38]. For the 
latter electrode type, using Pt/Sn ad Minevski and Adzic reported good long-term 
performance, up to 100 h in a 1 M HCOOH - 1 M HCIO 4 solution. The superficial 
current density for HCOOH oxidation at 0.5 V vs. SHE was approximately three 
times higher after 100 h of operation for porous Pt/Sn a( [ compared to commercial Pt 
[36]. The proposed mechanism was based on the role of Sn in preventing HCOOH 
oxidation inhibition by either H ad or other adsorbed intermediates [34, 38]. 

Regarding ethanol oxidation on Pt, unfortunately the adatom third-body effect 
operative for formic acid was found to be ineffective, e.g., Bi ad , Te ad , and Se ad had 
no benefical effect [39]. Wiilsau and Hietbaum elucidated by isotope labelling 
some of the elementary steps involved in ethanol electrooxidation [40]. According 
to this study, the first step seems to be the oxidative H removal from the a-C atom, 
leading to CH 3 CHO. The formation of a strongly adsorbed intermediate was also 
detected, which could be oxidized only at potentials above 0.7 V vs. RHE [40]. 
Vielstich and co-workers identified the products of C 2 H 5 OH oxidation on Pt, 
showing the formation of CO ad and COH ad on the surface, whilst C0 2 and 
CH 3 CHO were detected in bulk, underlining the complexity of the reaction [41]. 
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Isotope labelling techniques were also used in the 1970s by Wieckowski and 
co-workers for studies of methanol and formic acid adsorption on Pt electrodes 
[42-44]. Some of the findings were as follows: i) an inverse kinetic isotope effect 
was found for HCOOH adsorption on Pt in D 2 S0 4 vs. H 2 S0 4 that led to the 
suggestion of reductive HCOOH adsorption in the presence of hydronium ions, 
therefore contradicting the very popular Capon and Parsons mechanism based on 
dual pathways [32]; ii) the reductive adsorption of HCOOH was proposed to take 
place either with H ad (in the hydrogen region of the potential domain) or by direct 
electron transfer (in the double-layer region), both options leading to a C(OH) 2 H ad 
intermediate; and iii) for CH 3 OH adsoiption no measurable isotope exchange was 
observed between hydrogen from methyl groups and deuterium in solution. Some 
of these results were not thoroughly substantiated by further experimental studies. 

Regarding methanol oxidation, important results were obtained in the the co- 
catalytic effect of certain elements such as Ru (e.g., the bifunctional mechanism), 
Sn, Ir, and Os [45]. Watanabe and Motoo demonstrated unequivocally the 
bifunctional effect of Ru adatoms on the mechanism of CH 3 OH oxidation, 
enhancing the catalytic activity compared to pure Pt and favoring the 6e“ oxidation 
route [46]. Based on the Langmuir-Hinshelwood rate determining step between 
two adsorbed species, the role of Ru relates to the dissociative chemisorption of 
H 2 0 forming OH ad , which oxidizes the CH 3 OH oxidation products adsorbed on Pt 
(e.g., CO ad ). Janssen and Moolhuysen investigated twenty-five Pt-based binaiy 
catalysts classified according to their adsorption behavior toward OH ad . PtTi was 
proposed to have comparable performance to PtRu and Pt Sn [47]. 

From the fuel cell application point of view, it is important to highlight from 
the 1970s-1980s the contributions of the Oxford (Goodenough and Hamnett) and 
Shell groups (McNicol and Short), aimed at improving carbon-supported Pt (or Pt- 
alloy) catalyst dispersion and activity. These researchers carried out systematic 
studies related to the catalyst/carbon support interaction and its impact on catalyst 
particle size, electrochemically active surface area, catalyst load, and long-term 
stability and activity under operating conditions. It was conclusively demonstrated 
that carbon-supported Pt nanoparticles behave differently compared to bulk 
polycrystalline Pt, therefore, making difficult the “translation” of some 
fundamental electrochemical research to porous electrode designs relevant to 
practical application. Goodenough, Hamnett, and co-workers examined these 
issues in the 1980s and showed that supported Pt particles poison more slowly than 
bulk Pt, with possibly different surface-adsorbed CH 3 OH oxidation products being 
involved in conjunction with different Pt oxide coverage ([48], literature therein). 

McNicol and co-workers found that activation in air at 573 K of carbon fiber 
paper acting as catalyst support, followed by galvanostatic anodic treatment at 2 
mA cm -2 for 90 min in 1% v/v HN0 3 improved the mass specific activity toward 
CH 3 OH oxidation of the supported Pt catalyst (prepared by ion-exchange using 
Pt(NH 3 ) 4 (OH) 2 ) [49]. It was proposed that the activity enhancement was due to 
both increased Pt dispersion on the oxidized carbon surface and changes in the 
electronic interaction between Pt and the support, as indicated by lowering of the 
Pt oxide reduction potential in the case of the treated carbon support surface. 

Manoharan et al. applied a different type of gas activation (C0 2 atmosphere at 
1213 K for 1 h) to carbon particles (Vulcan XC72) and observed that the activity 
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and stability of Pt/C catalyst toward both CH 3 OH oxidation and 0 2 reduction was 
greatly enhanced. It was speculated that the origin of catalyst stability was the 
removal by the activation process of the weak surface sites that would be 
ineffective anchors of Pt over longer periods of time [50]. 

Inspired by H 2 -0 2 fuel cell design, a major advancement in direct liquid fuel 
cell technologies has been the introduction of the proton exchange membrane 
(PEM or polymer electrolyte membrane, such as Nafion®) acting as ionic 
conductor in both the bulk and catalyst layers. The thin PEM (about 50 to 200 pm 
thickness, depending on type) opened up the possibility of a compact design while 
eliminating the need for bulk liquid electrolyte (e.g., 1-3 M H 7 SO 4 ), facilitating the 
potential for commercialization and heralding what could be called the “modern” 
era of direct fuel cells. 

Ledjeff et al. in 1990 were the first to present methanol polarization data using 
catalyst coated membrane (COM) (i.e., unsupported Pt, PtRu, and PtRuSn on 
Nafion® 117) [51]. Employing a load of 5 mg cm -2 , the highest current density 
was obtained with PtRuSn (Figure 4.1). Unfortunately, the catalyst composition 
was not detailed. 
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Figure 4.1. The first published methanol oxidation voltammograms using catalyst coated 
membranes (Nafion® 117) reported by Ledjeff et al. in 1990 [51]; 298K. 1 M aqueous 
methanol, a) PtRuSn, b) PtRu, c) Pt. Load of 5 mg cm 2 . (Reprinted with pennission from 
Ledjeff K, Ahn J, Zylka D, Heinzel A. Ion exchange membranes as electrolyte for 
electrochemical energy conversion. Ber Bunsenges Phys Chem 1990;94:1005-8. ©1990 
Gennan Chemical Society.) 

Work at the Jet Propulsion Laboratory (California Institute of Technology) and 
University of South California, Los Angeles, demonstrated for the first time the 
power output capability of a DMFC equipped with PEM [52]. From this work. 
Figure 4.2(a) shows the improved polarization performance of the PtRu/C anode 
with Nafion® 117 electrolyte compared to 0.5 M H 2 S0 4 , whilst Figure 4.2(b) 
exemplifies the fuel cell performance with the catalyst coated membrane. 
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a) 



b) 

Figure 4.2. DMFC polarization behavior using aqueous methanol and solid polymer 
electrolyte (SPE: Nafion® 117) [52], a) Anode half-cell polarization comparison between 
SPE and 0.5 M H 2 S0 4 , PtRu/C 0.5 mg cm 4 , b) fuel cell polarization curve using 2 M 
CH 3 OH in water: effect of temperature. PtRu/C coated Nafion® 117 membrane. Note: the 
anode and cathode catalyst loads in the case of fuel cell experiments were not specified in 
[52], (Reproduced from Journal of Power Sources, 47(3), Surampudi S, Narayanan SR, 
Vamos E, Frank H, Halpert G, LaConti A, Kosek J, Surya Prakash GK, and Olah GA, 
Advances in direct oxidation methanol fuel cells, 377-85, 1994, with permission from 
Elsevier.) 
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Furthermore, Olah and co-workers introduced the term “methanol economy”, 
proposing methanol as the key chemical raw material and energy carrier of the 
future, with production shifting increasingly toward alternative sources such as 
biomass and atmospheric C0 2 instead of syn-gas derived from methane and/or coal 

[53] . Furthermore, methanol is the raw material for formic acid synthesis by the 
carbonylation route, leading to methyl formate (FICOOCFI3), which is hydrolyzed 
while formic acid is separated by a combination of extraction and distillation steps 

[54] : 


CH 3 ONa(2.5%w; 

CH 3 OH + CO 353K;45MPa) —>IICOOCIF +H;0 > HCOOH + CH 3 OH. (4.1) 

In recent years ethanol is receiving a great deal of attention as well, due to its 
production from agricultural resources and, potentially, from biomass (cellulosic 
ethanol). Therefore, all three fuels could be major players in the alternative energy 
sector. 

4.1.2 Objectives 

The previous section highlighted the efforts in the area of catalysis carried out up 
to 1990. The aim was to show how different research ideas in this field originated 
and evolved in order to better understand the more recent developments and chart 
some possible future trends. Since 1990 there has been an explosion of research 
and development activity for all three types of fuel cells, amidst concerns regarding 
the use of fossil fuels from the perspectives of both climate change and non¬ 
renewable resource depletion. 

The present review attempts to bridge the often-encountered gap between 
fundamental electrocatalysis/surface science studies and fuel cell development. 
Obvious evidence for the existence of this gap is the limited commercial success 
thus far of direct fuel cells compared to other power sources such as nickel-metal 
hydride or lithium batteries. The focus will be on the synergies between surface 
electrochemistry, kinetics, and electrode engineering aimed at improving the anode 
catalyst mass specific activity and fuel utilization. The total (anode plus cathode) 
Pt load target of < 0.2 g kW 1 at cell voltages > 0.65 V, as suggested by Gasteiger 
et al. for the economic viability of the H 2 -O 2 fuel cell in the automotive field [55], 
is extremely difficult to achieve in the case of direct liquid fuel cells, with state of 
the art technology today at about 10-80 g kW -1 (at 333 K, depending on fuel type 
and operating conditions). However, the relative cost of building the hydrogen 
delivery and fuelling infrastructure compared to a liquid fuelling network must be 
also factored in. These topics are beyond the objective of the present review. 
Nevertheless, breakthroughs in both electrocatalysis and electrochemical 
engineering are required to advance the direct liquid fuel cell technologies. The 
most likely short- to midterm application of the three direct fuel cells under 
consideration here is in the area of micro- and portable electronics [56]. 
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4.2 Reaction Pathways, Catalyst Selection, and Performance: 
Example Analysis 

Understanding from a fundamental research point of view which catalysts are 
effective and what is the link between the catalyst physico-chemical properties, 
preferred reaction pathways, and overall activity in operating fuel cells is of 
outmost significance and could eventually guide the rational design of novel non¬ 
precious metal catalysts. 

4.2.1 Methanol Electrooxidation 

4.2.1.1 Pt and Pt-MBinary’ Catalysts with M other than Ru: M= Mo, Os, Sn, Ni, 
and Macrocyle Complexes 

The electrooxidation of CH 3 OH (Equation 4.2) on Pt is best described by a multi¬ 
pathway mechanism, which originated in the work of Breiter as parallel (or dual) 
pathways [12, 57, 58]. Figure 4.3 depicts the multi-pathway scheme. Accordingly, 
one route leads to CO ai j and ultimately to CO 2 at high potentials, while the other 
one passes through adsorbed intermediates, which are more reactive than CO a[ j and 
can generate soluble products (FICOOFI, F1CFIO) as well as CC> 2 (g). 

CH 3 OH + H 2 0 C0 2 + 6 H + + 6 e~; E 298 = 0.04 V vs. SHE. (4.2) 

The intermediates and reaction products depend synergistically on a number of 
factors such as electrode potential, catalyst crystallographic features, elemental 
surface composition, methanol concentration, temperature, supporting electrolyte 
(e.g., HCIO 4 vs. H 2 S0 4 ), and reaction time. 

Partial experimental verification of the reaction scheme shown by Figure 4.3 
has been obtained on both single crystal and polycrystalline Pt electrodes. On 
Pt(111) at 0.6 Vrhe and 0.1 M CH 3 OH - 0.1 M HC10 4 , Strive et al. showed by both 
experiments and mathematical modeling that the rate of C0 2 production from CO a[ j 
was lower at all times compared to its formation by a parallel route based on a 
reactive intermediate with a stoichiometry of H:C:0 = 1:1:1 (i.e., either HCO or 
COH) [59]. It must be noted that a similar intermediate was proposed early on by 
Bagotzky and VasiTev [3]. Hence, these studies confirmed the existence of a 
parallel non-CO route. 

Iwasita and coworkers measured the products of anodic oxidation on Pt(l 11) at 
0.6 V vs. RHE after 15 min electrolysis at 293 K using both 1 M CH 3 OH - 0.1 M 
HCIO 4 and 1 M CH 3 OH - 0.5 M H 2 S0 4 [60]. The approximate molar ratios of the 
products C0 2 :HCHO:HCOOH were 9:6:1 in HC10 4 and 0.4:6:1 in H 2 S0 4 , 
respectively. Two main conclusions can be drawn: (i) high amounts of 
formaldehyde were detected, and (ii) the presence of S0 4 2_ ad inhibited the 
pathways leading to C0 2 formation and overall lowered the methanol oxidation 
faradaic efficiency. 

The adsorbed formate intermediate (HCOO ai i) has been detected on 
polycrystalline Pt in 0.1 M HCIO 4 only at potentials higher than 0.5 V vs. RHE 
[61]. Therefore, it is likely that oxide formation on the Pt surface plays a role in the 
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generation of this intermediate. Furthermore, both linear and bridge bonded CO a d 
((Pt—CO and (Pt) 2 CO, respectively) were clearly identified over a wide potential 
range starting from 0.05 V and up to 1 V vs. RUE [61, 62]. The linearly bonded 
CO ad was in a much higher proportion, especially at potentials between 0.05 and 
0.7 V. Only at potentials exceeding 1 V could the surface be considered clean of 
CO a d, whilst the FICOO a d surface coverage peaked at 1 V and vanished only at 
about 1.3 V [61]. 

Baltruschat et al. introduced mass transport related considerations in the 
analysis of product distribution. In a flow-through cell equipped with 
polycrystalline Pt electrode it was found that the average current efficiency for C0 2 
evolution (calculated over a potential range between 0.45 and 1.50 V vs. RHE) 
decreased with an increase of CH 3 OH concentration (e.g., from 46% at 10 -3 M 
methanol to 30% at 0.1 M methanol concentration) [63]. Moreover, the C0 2 
current efficiency also decreased slightly with the increase of methanol solution 
flow rate (e.g., in 0.1 M CH 3 OH - 0.5 M H 2 S0 4 from 30% at 1.1 pi s _1 to 28% at 5 
pi s -1 ). Thus, the local concentrations and residence times of the reactive (weakly 
adsorbed) intermediates such as HCOOH ad Ci> HCOOHbuiik and HCHO a d <?=> 
HCHObuik play a role in determining the overall product distribution. The longer 
these intermediates can stay close to the electrode surface the higher the current 
efficiency for C0 2 production, since in that case pathways going through non-CO ad 
can also contribute to complete methanol oxidation. Additionally, the formation of 
methylformate (HCOOCH 3 ) has also been detected at 0.6 V in experiments with 
higher methanol concentrations, such as 0.1 M [63]. 



[COH] 
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Figure 4.3. Multi-pathway scheme for methanol oxidation with the participation of OH ad 
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In a related study but using supported Pt electrode (Pt 40 wt%/Vulcan XC72) 
Blatruschat et al. found that the average current efficiency for C0 2 was 90% in 0.1 
M CH 3 OH - 0.5 M H 2 S0 4 [64]. Since the porous electrode thickness of 20-30 pm 
matched the Nernst diffusion layer thickness, the probability is high for the 
reactive dissolved intermediates to readsorb on the surface and to be subsequently 
oxidized, forming C0 2 . 

Analyzing Figure 4.3, a number of important questions emerge: i) what makes 
a good CHsOH dissociative chemisorption/dehydrogenation catalyst, ii) what are 
the relative stabilities of the intermediates formed in the stepwise oxidative 
dehydrogenation, and iii) could elements other than Pt accomplish this important 
step in the overall scheme of methanol electrooxidation? 
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Figure 4.4. CH 3 OH stepwise dehydrogenation pathway and corresponding heats of 
formation on Pt, Ir, Os, Pd, Rh, and Ru [65], (Reproduced with pennission from J Am Chem 
Soc 1999;121:10928-41. Copyright 1999 American Chemical Society.) 


Kua and Goddard carried out a comprehensive theoretical study employing 
nonlocal density functional theory comparing 2 nd - and 3 rd -row group VIII transition 
metal elements for CH 3 OH dehydrogenation ability based on binding energies and 
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heats of formation [65]. Figure 4.4 compares the CFI 3 OFI dehydrogenation 
pathways for Pt, Ir, Os, Pd, Rh, and Ru, whilst Figure 4.5 shows the various 
isomers and binding sites on a Pt 8 cluster. 



Hf*-101.16 H r «-100.92 


Figure 4.5. Possible surface binding options for CE^OF! dehydrogenation intermediates on 
Pt 8 cluster [65], H r - heat of formation (kcal moE 1 ). (Reproduced with permission from J 
Am Chem Soc 1999;121:10928-41. Copyright 1999 American Chemical Society.) 

On all the metals under consideration the CFI 3 OFI dehydrogenation to GO ad is 
exothermic, but on Pt this reaction is the most facile, specifically in the latter stages 
involving the removal of the third hydrogen atom from the carbon, i.e., CF10H ad => 
COFI ad + FI ad (Figure 4.4). On the other hand, the CFI 3 OFI 
chemisorption/dehydrogenation is least favorable on Ru, especially for breaking 
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the first two C-H bonds, only about 2 kcal mol 1 being released with the formation 
of CH 2 OH ad and CHOH ad , respectively, from CH 3 OH ad /Ru. 

However, one has to take into account the effect of temperature when 
discussing the dissociative dehydrogenation of methanol, which is missing from 
the theoretical analysis of Kua and Goodard. There is evidence that at high 
temperatures (333 K or above) methanol dehydrogenation can take place on Ru 
sites as well [ 66 ]. 

Another interesting aspect of the diagram for Pt shown by Figure 4.4 is the 
relative closeness on the energy diagram of COH ad and CO ad (only -4.9 kcal mol 
difference), hence, augmenting the possibility that COH ad could participate as a 
reactive intermediate as discussed earlier (see Figure 4.3). 

Figure 4.5 shows the adsorption modes of the dehydrogenation intermediates. 
There are a number of important points to be made: (i) Kua and Goddard proposed 
that CH 3 OH ad binds to the surface using the electron pairs of oxygen, (ii) starting 
with CH 2 OH ad the preferred binding is via the C atom, (iii) two CO ad modes were 
envisaged, the three-site “cap” and the two-site “bridge” modes (Figure 4.5). 
However, the energy difference between the two is very small. This work does not 
explicitly mention the existence of a linearly bonded CO ad [65]. 

Furthermore, the existence of other more reactive intermediates, namely 
adsorbed formate isomers (e.g., COOH ad ) was also put forward [65]. 

The stepwise dehydrogenation of CH 3 OH on Pt and oxidation to C0 2 through 
the CO ad route can be summarized based on the theoretical model of Kua and 


Goodard (see also Figures 4.3-4.5) as follows: 

CH 3 OH ad + Pt —» Pt - CH,OH + H + + e~ (4.3) 

Pt -CH 2 OH + Pt —» Pt 2 -CHOH + H + + e~ (4.4) 

Pt 2 - CHOH + Pt —» Pt, -COH + H + + e~ (4.5) 

Pt, - COH -» Pt (3 _ y) - CO + yPt + H + + e“ (4.6) 


with y = 0,...,2 depending on the CO ad binding: y = 0 (cap) [65], y = 1 (bridge) 
and y = 2 (linear). 

As shown by Figure 4.3, in addition to CH 3 OH dehydrogenation, the role of 
H 2 0 chemisorption and OH ad formation are crucial for efficient methanol 
oxidation. Thus, 

H 2 O ad +Pt^Pt-OH + H + +e~ (4.7) 


CO + Pt - OH -» (4 - y)Pt + C0 2 + H + . 


(4.8) 
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The complexity of the surface reaction network described is very well reflected 
by the experimentally measured potential oscillations around 0.64 V vs. SHE for 
the galvanostatic oxidation of methanol (Figure 4.6) [67]. The oscillations were 
attributed to the formation (at the potential maximum) and depletion (at the 
potential minimum) of OH ad . The topic of OH ad has received a great deal of 
attention in the literature. It has been very well known experimentally for a long 
time that the formation of OH ad on Pt starts only at high potentials, i.e., E > 0.55 V 
vs. RHE [ 68 ] (depending on crystallographic features) whilst on surface defects the 
onset of OH ad formation could be lower. Burke and co-workers argued that active 
surface metal atoms could undergo oxidation at lower potentials (e.g., 0.4 V vs. 
RHE) and those active surface atoms could generate hydroxy or oxy species by 
bonding to H 2 0 molecules [69]. These authors put forward methods to create 
active surface states on Pt and Au electrodes such as thermal (e.g., 1178 K for 20 s 
in Ar) or galvanostatic cathodic (e.g., 300 A nf 2 for 21-39 h in 1 M H 2 SO 4 ) 
pretreatments. While this work has not been fully validated yet, nevertheless it 
draws attention to the importance of high-energy surface states and advocates their 
role in electrocatalysis. 
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Figure 4.6. Pt electrode potential oscillations around 0.64 V vs. SHE (i.e., 0 V vs. 
Hg/Hg 2 S 04 ) in the presence of methanol measured under galvanostatic conditions. 
Electrolyte: 0.03 M CH 3 OH - 0.1 M HCIO4 [67]. (Reproduced from Electrochimica Acta, 
47(13-14), Lee J, Eickes C, Eiswirth M, Ertl G, Electrochemical oscillations in the methanol 
oxidation on Pt, 2297-301, 2002, with permission from Elsevier.) 

To activate H 2 O ad (Equation 4.9) the alloying of Pt has been practiced, as 
mentioned in Section 4.1. 


H 2 O ad + M —» M - OH + H + + e“ 


(4.9) 
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Anderson et al. calculated H 2 0 binding energies with respect to substitutional 
atoms in a Pt alloy cluster (Figure 4.7) [70]. Elements to the left of Pt in the 
periodic Table (i.e., Groups 3-9) bind FEO more strongly than Pt, with the 
exception of Rh and Ir. Alloying elements to the right. Groups 11-16, bind FEO 
more weakly than Pt with no exception (Figure 4.7). The strongest binding energy 
(about 2.5 eV) was obtained for Ru, followed by Cr, Mo and W. 




Figure 4.7. a) Cluster model of Pt-alloy used for calculation of the H 2 0 binding energy, b) 
calculated H 2 0 binding energies over substitutional alloying atoms as a function of their 
position in the periodic table [70], (Reproduced by permission of ECS—The 
Electrochemical Society, from Anderson A, Grantscharova E, Seong S. Systematic 
theoretical study of alloys of platinum for enhanced methanol fuel cell performance.) 

Following FI 2 O a d the second step is the breaking of the OFI bond and release of 
FI (Figure 4.8(a)). First principle theoretical calculations predicted that alloying 
elements such as Ti, Cr, Fe, Mo, Pd and Zr have lower activation energies for bond 
breaking in FEO a d compared to Ru (Figure 4.8(b)) [70]. Thus, theoretically they 
could be suitable as Pt co-catalysts toward CFI 3 OFI electrooxidation in a similar 
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manner to Ru. Furthermore, Kua and Goddard argued that Os combines both 
capabilities required of the bifunctional mechanism, namely methanol 
dehydrogenation and water activation [65]. 


/ 
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-Pt 
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(b) 

Figure 4.8. (a) A model of H 2 O a< i on a Pt-M alloy, (b) activation energies for OFI bond 
dissociation in F^Oad [70], (Reproduced by permission of ECS—The Electrochemical 
Society, from Anderson A, Grantscharova E, Seong S. Systematic theoretical study of alloys 
of platinum for enhanced methanol fuel cell performance.) 

These theoretical studies, rooted in the bifunctional model, invite the question 
how do binary catalyst formulations Pt-M (with M other than Ru, such as Os, Mo, 
Sn, Ni, W) compare experimentally with Pt and PtRu (the benchmark bimetallic 
catalyst since the mid 1960s)? The case of Os is especially intriguing based on the 
promising theoretical calculations. Flowever, Os alone and Os-V, Os-Mo, and Os- 
Sn supported on Vulcan XC72 were electrocatalytically inactive toward CFI 3 OFI 
oxidation as shown by cyclic voltammetry [71]. PtOs bimetallic (atomic ratio 3:1) 
catalysts, on the other hand, prepared by a carbonyl route and supported on Vulcan 
XC72 gave higher current densities for methanol oxidation than both E-TEK PtRu 




180 E. Gyenge 


(1:1) and Pt in cyclic voltammetry and chronoamperometiy (up to 1 h reaction 
time). It was proposed that metallic Os is the active form in electrocatalysis, while 
Os0 2 formation must be avoided since it inhibits the adsorption of methanol, 
thereby decreasing the oxidation rate [72]. Following on the same idea, it was 
suggested that for efficient catalysis the highest surface Os content in a bimetallic 
PtOs catalyst is 20 at% since at higher Os levels coverage of Pt by an Os oxide 
occurs, which is detrimental for performance [73]. 

Mukerjee and Urian compared the activity of PtMo/C (3:1 atomic ratio) with 
PtRu/C (1:1 atomic ratio) and Pt/C under conditions relevant for DMFCs. During 
anodic polarization in 1 M CHsOH at 363 K, using Nafion 117 and 4 mg cm 2 
catalyst load, the electrode potential at 100 mA cm” 2 was about 170 mV more 
positive for PtMo compared to PtRu. Moreover, PtMo performed slightly worse 
than pure Pt as well [74]. The effect of Mo as an alloying element with respect to 
CFI 3 OFI oxidation was in sharp contrast with its beneficial role for enhancing the 
CO tolerance of Pt from a reformate feed. This indicates yet again the major 
difference between CO and CFI 3 OFI electrooxidation catalysis. 

Using XANES (X-ray absorption near-edge structure) the oxidation of Mo was 
observed at E > 0 V vs. RHE generating Mo(V), most likely a Mo oxo-hydroxide. 
The latter species was considered responsible for CO oxidation from reformate 
feed; however, it was inactive in the case of methanol oxidation [74]. 
Consequently, the real experimental situation for PtMo is more complex than what 
the bifunctional mechanism would suggest. 

A weak electronic interaction between Pt and Mo was detected in the XANES 
spectra of PtMo/C. This is indicated by an increase of the 5d orbital vacancy of Pt 
from 0.312 per Pt atom (for pure Pt) to about 0.337 with 70 at% of Mo in PtMo 
alloy (Figure 4.9) [75]. The different behavior of Ru is noteworthy in this respect. 
Up to 30 at% Ru the J-band vacancy of Pt was fairly constant, followed by an 
exponential rise for higher Ru content (Figure 4.9), suggesting strong electronic 
interaction. 

In addition to Mo co-catalyst, PtSn formulations have received considerable 
attention. The co-catalytic activity of Sn for the enhancement of CO oxidation has 
been well documented and the optimum catalyst composition was found to be 
Pt:Sn = 3:1 (atomic ratio) [76-78], Ross and co-workers proposed the following 
mechanism for Sn promotion in the framework of Langmuir-FIinshelwood kinetics, 
also implicating surface Sn0 2 in FEO dissociation [76]: 


Pt + CO -» Pt-CO ad 

(4.10) 

Sn + H 2 0 Sn-OH ad + H + + e- 

(4.11) 

Sn0 2 + H 2 0 ->• Sn0 2 -OH ad + H + + e- 

(4.12) 

Pt-CO ad + Sn-OH ad C0 2 + H + + e- 

(4.13) 


Pt-CO ad + Sn0 2 -OH ad -> C0 2 + H + + e- 


(4.14) 



Electrocatalytic Oxidation of Methanol, Ethanol and Formic Acid 181 




Figure 4.9. Effect of Ru and Mo on the 5d electron energy band vacancy of Pt. a) Ru, b) Mo 
[75], (Reprinted from Chemical Physics Letters, 412(4-6), Mylswamy S, Wang CY, Liu RS, 
Lee J-F, Tang M-J, Lee J-J, Weng BJ, Anode catalysts for enhanced methanol oxidation: an 
in situ XANES study of PtRu/C and PtMo/C catalysts, 444-8, 2005, with permission from 
Elsevier.) 

Regarding the co-catalytic role of Sn for methanol oxidation, on the other hand, 
the experimental evidence is less conclusive compared to the case of CO oxidation. 
Colmati et al. prepared PtSn/C catalyst formulations (9:1 and 3:1 atomic ratio) 
using formic acid reduction and compared the activity with commercial (E-TEK 
Inc.) Pt/C and PtSn (3:1)/C, including DMFC fuel cell experiments [79]. 
Unfortunately, no comparison with PtRu was presented. Employing 0.4 mg cm 2 
anode catalyst load and 3 atm 0 2 pressure, the maximum fuel cell power output at 
343 K was obtained with PtSn (3:1) produced by the formic acid method, 400 mW 
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cm' 2 vs. 360 mW cm -2 for pure Pt, respectively [79]. Thus, there has been a slight 
improvement due to Sn. However, further studies are required to establish the 
longer-term stability of the PtSn anode during DMFC operation. Leaching of Sn 
could be detrimental for the ionic conductance of the PEM. 

It is interesting to note the difference in performance between commercial and 
in-house (i.e., formic acid produced) 3:1 PtSn formulations, the latter exhibiting a 
superior performance, whilst the commercial Sn-containing catalyst was worse 
than pure Pt/C. The authors stressed the importance of the degree of alloying and 
the need to balance the positive and negative aspects of Sn presence related to CO a[ j 
and CH 3 OH adsorption/dehydrogenation, respectively [79]. 

In a preliminary chronoamperometry experiment Neto et al. observed higher Pt 
mass specific activities (A g -1 pt) for CH 3 OH oxidation at 0.5 V vs. RHE on 
PtSn(l:l)/C compared to either PtRu or PtRuSn formulations. All catalysts were 
produced by the ethylene glycol reduction method [80]. 

In contrast to the above-discussed results, Gotz and Wendt found that Sn 
brought about a decrease of catalytic activity compared even to the pure Pt. 
Utilizing 0.4 mg cm -2 anode catalyst load and operating the DMFC at 378 K the 
order of activity was PtRu > PtW > PtMo > Pt > PtSn [81]. Gotz and Wendt 
synthesized the catalysts by the colloidal Bonneman method [82-84] that leads to a 
very high degree of alloying. Therefore, it is possible that the catalyst synthesis 
method had an impact on performance by affecting the microstmctural features. 
This hypothesis is further supported by the study of Liu et al. reporting increased 
peak power outputs compared to Pt for PtSn/C prepared by a microwave assisted 
polyol method and a Pt:Sn (atomic ratio) between 1:1 and 4:1 (Figure 4.10) [85]. 
XPS analysis showed the existence of a high proportion of Sn02 on the surface. A 
direct comparison with PtRu/C is missing from this study as well. 

It must be noted however, with 4 mg cm' 2 loading of PtRu (1:1 )/C the peak 
power density of a DMFC at 333 K is typically in the range of 87-100 mW cm 2 
[86], which is substantially better compared to PtSn/C at 353 K (Figure 4.10), 
notwithstanding some differences in other operating conditions. Hence, a thorough 
comparison of PtSn/C and PtRu/C is called for. 

Regarding other binary catalyst formulations, Gotz and Wendt presented very 
interesting results with PtNi and PtCo, PtRh, PtMn macro-cycles complexes, all 
supported on Vulcan XC72 [87]. PtNi prepared by the colloidal Bonneman method 
was compared with Pt/C having macrocycle complexes such as Co-phthalocyanine 
(CoPC), Ni-phthalocyanine-tetrasulfonic acid (NiPCTSA), Rh-tetrasulfonated 
tetraphenylporphyrin (RhTPP-S), and Mn-phthalocyanine-chloride (MnPC-Cl) 
adsorbed in a !4 molar ratio of macrocycle to Pt. The macrocycle complexes 
showed catalytic activity only after temperature activation, i.e., pyrolysis for 1 h at 
973 K in N 2 atmosphere. This is expected based on the similar and well- 
documented behavior of macrocycles toward oxygen electroreduction. Figure 4.11 
shows the polarization curves at 368 K for a DMFC equipped with 0.4 mg Pt cm 2 
loads of the various binaiy catalysts. The best result was obtained with Pt- 
NiPCTSA and PtNi, whilst the Rh and Mn composite catalysts performed worse 
than Pt/C. The activity of PtNiPCTSA was comparable to the commercial PtRu 
(from E-TEK Inc. [87]). A remarkable finding of this study was the long-term 
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performance, over 400 h without notable degradation (± 5%). Therefore, this line 
of research warrants further investigation. 



a Current Density (mA/cm 2 ) 



b Current Density (mA/cm 2 ) 

Figure 4.10. DMFC polarization curves using PtSn anode catalysts produced by a 
microwave-assisted polyol method. Anode catalyst load: 4 mg cirf 2 , 2 M CFhOFl with 2 ml 
min , cathode: Pt/C 3 mg cm , CE pressure not specified in the original source, CE flow 
rate 500 cm 3 min -1 ; 353 K [85], (Reproduced from Electrochemistry Communications, 8(1), 
Liu Z, Guo B, Flong L, Lim TF1, Microwave heated polyol synthesis of carbon-supported 
PtSn nanoparticles for methanol electrooxidation, 83-90, 2006, with pennission from 
Elsevier.) 
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Figure 4.11. The effect of various biliary anode catalyst formulations on DMFC 
polarization: PtNi and Pt/macrocycles (Ni, Co, Mil, and Rh). Anode: Pt load 0.4 mg cm -- , 1 
M CH 3 OH, 1 ml min -1 ; cathode operated with dry 0 2 at atmospheric pressure; 368 K [87]. 
(With kind permission from Springer Science+Business Media: Journal of Applied 
Electrochemistry, Composite electrocatalysts for anodic methanol and methanol-reformate 
oxidation, 31, 2001, 811-17, Goetz M, Wendt H, figure 4.) 

Bett et al. investigated metal phthalocyanines (Fe, Co, Ni, and Sn) as Pt co¬ 
catalysts for methanol oxidation [88]. These authors reported an approximately 100 
mV lower anode potential compared to Pt/C for Pt/Sn-phthalocyanine at 333 K; 
however, the anode potential was 30 mV more positive compared to PtRu/C. In 
this study the macrocycles were not heat activated. 

Okada et al. investigated the binaiy system Pt-Co(MPQH) (where MPQH: 
mono-8-quinolyl-o-phenylenediamine) [89]. The catalysts were heat treated in Ar 
atmosphere for 2 h. The optimum heat treatment temperature was 873 K. The mass 
specific catalytic activity of the binaiy catalysts supported on carbon was 5 A g Pt _1 
compared to 40-60 A g P , _1 for PtRu. It was also shown that the nature and structure 
of the ligand coordinating the Co had an effect on performance. Co(NH 3 ) 6 Cl 3 did 
not exert any catalytic effect when combined with Pt, while porphyrin based 
complexes of Co heat treated at 1073 K yielded approximately 20 to 30 mV lower 
overpotentials compared to catalyst formulations using Co(MPQH). 

The mechanism of the macrocycle co-catalytic effect was related to H 2 0 
dissociation activation [88]. The interaction between H 2 0 and Co(III)- 
octaethylporphyrin (Co(OEP)) adsorbed on a graphite electrode with respect to CO 
oxidation to C0 2 was discussed by Shi and Anson [90]. They found no evidence of 
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CO oxidation in non-aqueous solvents such as CEECh, whilst in aqueous 
electrolytes (e.g., 1 M HCIO 4 ) a large CO oxidation wave was observed (Figure 
4.12). The proposed mechanism (Equations 4.15-4.18) invokes both CO 
chemisoiption (coordination) on the Co(III) macrocycle and the activation of H 2 0 
dissociation [90], The rate determining step is the conversion of coordinated CO by 
nucleophilic H 2 0 attack (Equation 4.17). Consequently, some Co macrocycle 
complexes might offer the possibility of non-precious metal bifunctional catalysts. 
Further studies are required in this area combining fundamental investigations with 
fuel cell experiments. 

Co 11 (OEP) ad - e ^Co'"(OEP): d (4.15) 

Co m (OEP) a + d +CO (OC)Co in (OEP) ad (4.16) 

(OC)Co ni (OEP) ad + H 2 0^((HO)(0)C)Co m (OEP) ad +H + (4.17) 

((HO)(0)C)Co m (OEP) ad - 2 e“ -A C0 2 + Co 111 (OEP) ad + H + (4.18) 


pH-7.0 ptl=8.0 




E, V vs SCE 

Figure 4.12. Catalysis of CO electrooxidation in aqueous electrolytes by Co(OEP) adsorbed 
on graphite electrode. A: bare graphite (with and without CO: two curves virtually 
superimposed). B: Co(II)(OEP) adsorbed on graphite (~8xl(T 10 mole cirf 2 ). Dashed curve: 
Ar purge, solid curve: CO saturated solution; electrolyte: 1 M HCIO4 or 1 M NaC 104 +10 
mM Britton-Robinson buffer; scan rate 50 mV s~*; 295 K [90], (Reproduced with 
permission from Inorg Chem 2001;40:5829-33. Copyright 2001 American Chemical 
Society.) 




186 E. Gyenge 


4.2.1.2 The Case ofPtRu: Catalyst Preparation and the Optimum Pt.Ru Atomic 
Ratio 

The previous sections indicated that at present PtRu remains the most effective 
binaiy catalyst for methanol oxidation. A significant amount of work has been 
carried out and various theoretical and experimental techniques have been brought 
to bear in order to reveal the details of the Pt-Ru catalytic/co-catalytic effect. For 
DMFC performance enhancement, which is the prevalent point of view adopted in 
this review, the situation is further complicated since in addition to intrinsic kinetic 
effects, the anode performance depends in a synergistic and often poorly 
understood manner on the PtRu catalyst preparation method, PtRu atomic ratio, 
surface morphology (e.g., roughness), presence and type of support, operating 
anode potential range, methanol concentration, and temperature. 

The effect of Ru on the long-term anode performance was very well illustrated 
by, among others, Wieckwoski and co-workers employing potentiostatic oxidation 
at 0.3 V vs. RFIE of chemisorbed CFI 3 OFI as a function of Ru packing density 
(Figure 4.13) [91]. 



Figure 4.13. Effect of Ru packing density on the potentiostatic oxidation of chemisorbed 
CEhOEl at 0.3 V vs. RHE in 0.5 M EESO 4 . Legend: Packing density (ratio between nr. of 
surface Ru atoms per Pt surface atoms) in %: 14, 35 and 53 [91]. (Reproduced with 
permission from J Am Chem Soc 2002;124:468-73. Copyright 2002 American Chemical 
Society.) 
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After 10 h of operation the presence of Ru islands on Pt increased the oxidation 
current density approximately 20-fold in the case of PtRu-53, followed closely by 
PtRu-35. Combining cyclic voltammetry with surface NMR two CO ad populations 
were identified: CO ad close to (or possibly on) Ru sites undergoing fast thermally 
activated diffusion and CO ad on Pt characterized by slow diffusion [91]. These two 
types of CO ad are responsible for two separate peaks in CO stripping voltammetry, 
at low (~0.3 V) and high (above 0.4 V) potentials, respectively. Ru decreases the 
activation barrier for CO ad surface diffusion by reducing electron back-donation. 

Another consequence of the changes in Pt electronic structure caused by the 
presence of Ru (i.e., creation of electron deficiency on Pt by decreasing the Fermi 
level density of states and reducing the Pt-Pt distance) is the increased rate of 
dissociative methanol adsorption [92]. Thus, in addition to FFO activation 
(according to the bifunctional mechanism [93]) Ru plays a significant role with 
respect also to methanol chemisorption and surface diffusion of CO ad . 

Furthermore, an interesting aspect of the Ru effect relates to the effect of 
temperature and the optimum Pt:Ru ratio. Gasteiger et al. showed that dissociative 
methanol adsorption can occur on Ru sites as well, but it is a temperature-activated 
process [94]. Therefore, at low temperatures (e.g., 298 K) a higher Pt:Ru atomic 
ratio (above 1:1) is required to facilitate the dissociative adsorption and 
dehydrogenation of methanol preferentially on Pt, whilst at high temperatures (e.g., 
333 K and above) a surface richer in Ru is beneficial (e.g., 1:1 at. ratio) since Ru 
becomes active for chemisorption and the rate determining step switches to the 
reaction between CO ad and OFl ad [94]. 

Employing PtRu/C catalysts, Dickinson et al. confirmed at 298 K the higher 
activity of the catalyst formulation richer in Pt (i.e., Pt:Ru at. ratio 3:2 vs. 1:1) over 
the entire range of anode potential from about 0.3 to 0.8 V vs. RFIE [95]. Flowever, 
at higher temperatures (318 K and 338 K) there was an interaction effect between 
thermal activation and anode potential. At both 318 and 338 K there was virtually 
no significant difference between the two compositions at potentials below 0.5 V 
vs. RFIE. Only at E > 0.5 V did the formulation richer in Ru (1:1 atomic ratio) 
better performance at higher temperatures. 

The role of temperature and anode potential affecting the optimum Pt:Ru ratio 
has also been explored by Lamy and co-workers [96]. They investigated a wide 
catalyst composition range, including Pt:Ru atomic ratios of 1:1; 2.33:1, and 4:1, 
respectively. The Arrhenius plot shown in Figure 4.14 obtained at 0.5 V vs. RFIE 
indicates that between 293 K and 318 K the Pt:Ru atomic ratio of 2.33:1 (and 4:1) 
gave the highest mass specific activity for methanol oxidation. Flowever, for the 
temperature range 318 K and 383 K a catalyst richer in Ru was recommended, with 
a Pt:Ru atomic ratio of 1:1 [96]. A similar conclusion was reached also by Bock et 
al. [97], 
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Figure 4.14. Arrhenius plot for methanol electrooxidation at 0.5 V vs. RHE using colloidal 
PtRu catalyst supported on Vulcan XC72. Electrolyte: 1 M CH 3 OH - 0.5 M EESO4. Scan 
rate: 1 mV s' 1 . Pt:Ru atomic ratios: ■ 2.33:1, ♦ 1:1, o 4:1 and T Pt/C [96], (With kind 
permission from Springer Science+Business Media: Journal of Applied Electrochemistry, 
Electrooxidation of methanol at platinum-ruthenium catalysts prepared from colloidal 
precursors: atomic composition and temperature effects, 33, 2003, 419-49, Dubau L, 
Coutanceau C, Gamier E, Leger J-M, Lamy C, figure 11.) 

The catalyst preparation has a significant effect on performance. The best 
method to prepare the anode catalyst is still very much a matter of debate in the 
literature. A number of studies by Wieckowski and co-workers suggest that for the 
same elemental composition, Pt nanoparticles decorated with Ru nanoparticles or 
islands (called also Ru adlayer) are electrocatalytically more active toward 
methanol oxidation compared to a homogeneous PtRu alloy [49, 97-99]. Figure 
4.15 shows that Pt decorated with spontaneously deposited Ru [100] gave up to 
two times higher oxidation current density as compared with a commercial PtRu 
alloy of similar Ru packing density (defined as the ratio between Ru and Pt surface 
atoms). The spontaneous deposition of Ru was carried out for 1 h from a 1 mM 
R 11 CI 3 - 0.1 M HCIO 4 solution followed by electrochemical reduction at 0.3 V vs. 
SITE of the adsorbed Ru precursor (probably RuO(H 2 0 ) 4 ). STM images of the Pt 
surface decorated with Ru are presented in Figure 4.16. 

In a slightly different variant of the technique, Ru was directly electrodeposited 
on top of Pt at a constant potential of 0.3 V vs. SHE [101]. The resulting catalyst, 
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especially the Pt(lll) surface decorated with Ru, possessed enhanced 
electrocatalytic activity [101]. 

In order to control the surface Ru content, Cao and Bergens developed a Ru 
deposition method using an organometallic precursor Ru 4 (p-H) 4 (CO)i 2 which self¬ 
poisons the deposition process via its CO group when a specific surface coverage 
has been formed on Pt [102]. These authors prepared catalysts with a Ru packing 
density of 0.10 and obtained good DMFC performance, 0.43 V at 100 mA cm 2 
and 363 K. Unfortunately, no comparison was made with commercial PtRu. 



0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

Ru Packing Density 


Figure 4.15. Comparison between Pt decorated with Ru (•) and a commercial Johnson 
Matthey PtRu alloy catalyst (o). Methanol oxidation current density measured after 20 h in 
0.5 M CH 3 OH - 0.5 M H 2 S0 4 ; 293 K. Potential referred vs. SHE. [98], (Reprinted from 
Journal of Catalysis, 203, Waszczuk P, Solla-Gullon J, Kim H-S, Tong YY, Montiel V, 
Aldaz A, et al., Methanol electrooxidation on platinum/ruthenium nanoparticle catalysts, 1— 
6 , Copyright 2001, with pennission from Elsevier.) 
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Figure 4.16. STM images of Ru-decorated Pt( 111) prepared by spontaneous deposition 
according to the method of Chrzanowski and Wieckowski [100], Deposition times: a) 10 s, 
b) 20 s, c) 40 s, and d) 90 s [99], (Reproduced from Journal of Electroanalytical Chemistry, 
500(1-2), Crown A, Moraes IR, Wieckowski A, Examination of Pt(l 11)/Ru and Pt(l 1 l)/Os 
surfaces: STM imaging and methanol oxidation activity, 333-43, 2001, with permission 
from Elsevier.) 

Interestingly, in the debate over whether PtRu alloys or heterogeneous PtRu 
structures are more effective catalysts, Bock et al. reached a different conclusion 
than Wieckowski et al. by examining both non-homogeneous PtRu (Ru adlayer on 
Pt) and homogeneous (alloyed PtRu and PtRu0 2 ) catalysts [103]. Bock et al. 
showed that the alloyed catalysts gave significantly higher methanol oxidation 
current densities over the potential range between 0.2 and 0.65 V vs. RHE. At E < 
0.4 V vs. RHE, the best performer was the PtRu0 2 alloy obtained by ball-milling Pt 
and Ru0 2 [103]. These results seemingly contradict the previously discussed 
studies that showed enhanced activity for the non-homogeneous, Ru adlayer/Pt 
catalyst formulations. However, it is important to note that the catalyst synthesis 
and post-treatment activation procedures were different in the work of Bock et al. 
Consequently, not only does the fact of whether the catalyst is alloyed or not play a 
role but the entire sequence of steps employed for catalyst layer preparation will 
affect - in a poorly understood manner — the morphology, microstructure, 
electrochemically active surface area, catalyst utilization efficiency, and ultimately, 
the experimentally measured electrocatalytic activity. 
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Further evidence for this proposition is given by the work of Iwasita et al. 
examining two Ru adatom formation techniques on Pt(lll) and comparing the 
performance with a PtRu alloy formed by H 2 reduction [104]. The Ru adlayer 
preparation techniques were: (i) spontaneous adsorption of RuC1 3 on Pt and (ii) 
evaporation of Ru onto Pt(lll). While the first one is apparently similar to the 
technique used by Wieckowski and co-workers [98, 100], there were a number of 
significant differences that must be emphasized and that might have affected the 
results. Iwasita et al. used a freshly prepared solution of RuC1 3 and short adsorption 
times (between 10 s and 10 min) repeated several times with water rinse between, 
while Wieckowski et al. used aged (e.g., for 1 week) acidic RuC1 3 solution in 
HCIO 4 with long adsorption times (1 h). Furthermore, the latter authors subjected 
the catalyst to electrochemical activation post-treatment by constant potential 
reduction at 0.3 V vs. SHE. 

Iwasita et al. found that the alloy (PtRu atomic ratio of 5.66:1) gave more than 
four times higher oxidation current density at 0.5 V vs. RHE in 0.5 M CH 3 OH - 
0.1 M HCIO 4 compared to the Pt( 111 )/Ru a[i formed by spontaneous adsorption 
(Figure 4.17) [104], 

Highly active PtRu nano-alloys supported on Vulcan XC72 were also produced 
by colloidal methods, including the co-reduction of Pt(acac ) 2 and Ru(acac ) 2 (where 
acac = acetylacetonate) with 1 , 2 -hexadecanediol in octyl ether with oleylamine and 
oleic acid surfactants controlling the particle growth [105]. The average particle 
size was 2.4 nm ± 0.5 nm and the Pt:Ru atomic ratio was 1:1. The mass activity of 
the PtRu nano-alloy at 0.45 V vs. SHE was 32.9 mA mg -1 compared to 11.7 mA 
mg ' 1 for the commercial E-TEK Inc. catalyst [105]. 



Figure 4.17. Chronoamperometry of different PtRu electrodes at 0.5 V vs. RHE in 0.5 M 
CH3OH - 0.1 M HC10 4 ; 298 K. a) PtRu alloy (5.66:1 at. ratio; produced by H 2 reduction), 
b) Pt(lll)/Ru a d spontaneous adsorption, c) Pt(lll)/Ru by evaporation, d) clean Pt(lll) 
[104], (Reprinted with pennission from Langmuir 2000;16:522-9. Copyright 2006 
American Chemical Society.) 
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The catalyst preparation method affects also the surface morphology, which in 
turn has an impact on the electrochemical performance. Hoster et al. demonstrated 
that rough PtRu surfaces formed by electrodeposition, with a large number of 
defects (steps, kinks, etc.) are much more resistant to poisoning compared to 
smooth PtRu surfaces of the same composition [106]. Another example of catalyst 
preparation methodology affecting the surface properties has been provided by 
Gonzalez and co-workers. Using the formic acid (FAM) reduction method 
catalysts with PtRu atomic ratios of 3:1, 5.25:1 and 11.5:1 were prepared [107]. 
Interestingly, the formic acid reduction technique produced catalysts with very 
well defined Pt(lll) peaks in the XRD diagram compared to the commercial 
PtRu/C (E-Tek Inc.) (Figure 4.18(a)). It has been recognized that Pt(lll) is a very 
active crystal face in methanol electrooxidation (Section 4.1.1), hence, the catalysts 
produced by FAM gave higher methanol oxidation current densities at 0.5 V vs. 
RFIE, especially the formulations with 3:1 and 5.25:1 Pt:Ru atomic ratios (Figure 
4.18(b)) [107]. Moreover, it is important to note that the CH 3 OFI concentration 
effect was most pronounced up to about 1 M. Fligher concentrations did not 
increase significantly the oxidation current. 

The complexity of the Ru surface with respect to its oxidation state adds 
another degree of difficulty in the optimization of the anode catalyst formulation 
for DMFC. Rolison and co-workers argued that Ru surface oxo-hydroxide 
formation (RuO x H y ) is essential for good catalytic activity toward methanol 
oxidation since it offers a proton conducting network linking the catalytic sites 
[108, 109]. This conclusion was reached by comparing as-received commercial 
PtRu blacks (E-TEK Inc.) with samples where the commercial catalyst was 
subjected to reductive pretreatment either by FI 2 or electrolysis. In typical PEM fuel 
cell catalyst layers the proton conductivity is provided by Nation. The proton 
conductivity of RuO x FIy is in the range of approximately 1-10 mS cm ” 1 [108], 
comparable at the low end with Nafion. Using a combination of physical methods 
of analysis (XRD, EDX, lattice imaging etc.) Rolison and co-workers showed that 
the low activity catalyst obtained by H 2 reduction, is a single-phase fee PtRu alloy, 
while the highly active as-received catalyst is mixed phase and it has a core-shell 
structure with a Ru-hydrous oxide rich shell [110]. The hydrous content was 
estimated at about 2.4 wt% by thermogravimetric analysis. 

The importance of Ru-oxides were also considered by Frelink and co-workers 
attributing mainly a catalytic role to Ru-oxide (Equation 4.19) since by 
ellipsometiy the disappearance of the Ru oxide film was observed in the presence 
of methanol [111, 112]. The same observation was made with regard to Sn as a co¬ 
catalyst. Furthermore, based on EDX analysis it was proposed that the oxide 
formation on PtRu leads to (PtRu)O x (FIS 04 ) with x ~2 and y ~4, and the optimum 
Ru surface coverage for methanol oxidation activity is 15% [112]. 

RuO + Pt - CO —» C0 2 


(4.19) 
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a) 



b) 


Figure 4.18. a) Comparative XRD patterns of PtRu/C obtained by the formic acid reduction 
method (FAM) and a commercially available E-Tek Inc. catalyst sample, b) Methanol 
oxidation current (at 0.5 V vs. RHE, after 30 min, 293 K) as a function of methanol 
concentration [107]. (Reprinted from Electrochimica Acta, 47(22-23), Lizcano-Valbuena 
WH, Paganin VA, Gonzalez ER, Methanol electrooxidation on gas diffusion electrodes 
prepared with Pt-Ru/C catalysts, 3715-22, 2002, with permission from Elsevier.) 
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Figure 4.19. Electrooxidation of methanol in 0.1 M NaOH and 0.5 M H 2 S0 4 as a function 
of temperature and catalyst composition: a) Pt/C and b) PtRu/C [115]. (Reprinted from 
Electrochimica Acta, 47(22-23), Tripkovi AV, et al., Methanol electrooxidation on 
supported Pt and PtRu catalysts in acid and alkaline solutions, 3707-14, ©2002, with 
permission from Elsevier.) 

In a comprehensive study on the role of Ru oxides, PtRu catalysts were 
synthesized by a modified Adams-Shriner method using various temperatures 
between 673 K and 873 K [113]. The composition and particle size (1:1 atomic 
ratio and 2-4 nm, respectively), were virtually independent of the synthesis 
temperature. However, the crystalline Ru0 2 content increased with temperature, at 
873 K all the Ru was present as RuCE [113]. The lowest overpotential for methanol 
oxidation was measured for the catalyst synthesized at an intermediate temperature 
(743 K), which also exhibited the highest capacitive behavior in cyclic 
voltammetry indicative of double layer charging due to the hydrous Ru oxide 
phase. Therefore, the presence of mixed phases including PtRu alloy and Ru 
hydrous oxide were found to be beneficial for good catalytic activity toward 
methanol oxidation [113]. 
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Thus far this review has focused on methanol oxidation kinetics under acidic 
conditions due to compatibility with the most commonly employed practical cell 
setup using Nafion polymer electrolyte membrane. However, it is important to note 
briefly the pH effect on the methanol oxidation kinetics. Moreover, in some cases 
the anion effect is superimposed for example when comparing the oxidation 
kinetics in H 2 SO 4 and NaOH. A comprehensive study of methanol oxidation on Pt 
polycrystalline electrodes in alkaline media has been recently published by Cohen 
et al. emphasizing particularly the determination of the activation energy [114]. 

Tripkovic et al. presented a comparison of the mass-specific steady-state 
current densities for methanol oxidation in 0.5 M H 2 SO 4 and 0.1 M NaOH, 
respectively, as a function of temperature (Figure 4.19) [115]. On both Pt and 
Pt 2 Ru 3 the methanol oxidation kinetics was much faster in alkaline media. The 
mass specific current density at a constant potential (e.g., 0.5 V vs. RHE) was 
typically over one order of magnitude higher for 0.1 M NaOH compared to 0.5 M 
H 2 SO 4 . Furthermore, in alkaline media there was virtually no difference in the 
activities of Pt and Pt 2 Ru 3 catalysts. 

Electrooxidation of methanol in alkaline media could facilitate the introduction 
of non-precious metal catalysts based on Ni (Section 4.2.4). However, the practical 
application of the alkaline media for DMFCs is limited mainly by two factors: (i) 
the ionic conductivity of the polymer electrolyte membrane and (ii) possible 
carbonation of the electrolyte, which could lead to plugging of the mesopores in 
the gas diffusion electrode. 

4.2.13 Ternary ; and Quaternary Catalyst Formulations: PtRuMj/C and 
PtRuM/M/C 

Recognizing the paramount significance of the Ru presence, research was also 
directed toward further improving the catalytic activity using ternary and 
quaternary formulations. There has been an interest in adding metal oxides (WO x , 
MoO x and VO x ) as co-catalysts. In preliminary studies it was found that metal 
oxides such as WO x , MoO x and VO x lower the methanol oxidation overpotential 
compared to Pt and PtRu possibly by the involvement of surface redox couples 
acting as oxidation mediators such as W 6 + /W 4+ or W 6 + /W 5+ , V 5 , /V 4+ and 
Mo 6+ /Mo 4+ [116, 117]. Detailed investigations in this area, combining 

electrochemical and surface analysis experiments, were carried out by Roth et al. 

[118] , Yang et al. [119] and Jusys et al. [120]. Employing the Bonneman colloidal 
method for catalyst preparation, crystalline PtRuWO x (Pt:Ru:W at. ratio = 1:1:1.5) 
nanoparticles of 1-2 nm diameter were synthesized and homogeneously dispersed 
on carbon particles of micrometer size (Figure 4.20) [118]. The DMFC 
polarization curves corresponding to Pt loading of 0.4 mg cnf 2 showed up to about 
100 mV higher cell voltage for PtRuWO x compared to commercial PtRu at 368 K 
(Figure 4.21). 

The performance enhancement for methanol oxidation of ternary, oxide 
containing, formulations has been also demonstrated by Yang et al. using a 
different PtRuWO x preparation methodology, based on borohydride reduction 

[119] . Furthermore, it was confirmed that W is present in either the (+ 6 ) or (+5) 
oxidation states and x ~2.5-3. No electronic effect induced by the oxide on PtRu 




Figure 4.20. PtRuWO x /C (1:1:1.5) catalyst microstructure a) TEM; b) HRTEM [118]. (With 
kind permission from Springer Science+Business Media: Journal of Applied 
Electrochemistry, Synthesis and characterization of carbon-supported PtRuWO x catalysts by 
spectroscopic and diffraction methods, 31, 2001, 793-8, Roth C, Goetz M, Fuess H, figures 
1 and 2.) 
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Figure 4.21. DMFC polarization comparison between various supported anode catalysts: 
PtRuWO x /C, PtRu/C (E-Tek Inc.) and Pt/C (E-Tek Inc.). 368 K. Pt load 0.4 mg cnT 2 . 1 M 
CH 3 OH. [118]. (With kind permission from Springer Science+Business Media: Journal of 
Applied Electrochemistry, Synthesis and characterization of carbon-supported PtRuWO x 
catalysts by spectroscopic and diffraction methods, 31, 2001, 793-8, Roth C, Goetz M, 
Fuess H, figure 7.) 

Somewhat different conclusion has been reached by Jusys et al. based on 
experiments involving unsupported PtRuMO x with M = W, Mo and V [120]. The 
ternary catalysts with atomic compositions of Pt:Ru:M = 7.7:5.6:1, were 
synthesized by the Adams method which involved melt fusion at 773 K followed 
by H 2 reduction. Note that the third metal component (M) was in significantly 
lower proportion compared to the previously discussed studies. The intrinsic 
catalytic activity was expressed as the methanol oxidation current normalized to 
the electrochemically active surface area estimated by CO adsorption and stripping 
[120], Potentiostatic polarization after 30 minutes indicated the following order of 
activities: PtRuVO x > PtRuMO x > PtRu > PtRuWO x = PtRu (commercial E-Tek 
Inc.). Thus, in this study VO x was the most beneficial ternary component, whilst 
WO x provided virtually no improvement compared to commercial PtRu. More 
extensive studies involving longer-term fuel cell experiments coupled with surface 
analysis are required to further asses, the role of metal oxides of W, Mo and V 
acting as ternary co-catalysts. 

Carbon particle supported (typically Vulcan XC72) non-oxide ternary 
combinations of PtRu with elements such as W, Mo, Sn were also investigated by a 
number of authors. Again the catalyst preparation technique in conjunction with 
the elemental composition had a big impact on the catalytic activity. Gotz and 
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Wendt reported lower activity compared to commercial PtRu (E-Tek Inc.) for 
ternary catalyst formulations in the following order: PtRuW (-40 mV) > PtRuMo 
(-60 mV) > PtRuSn (—100 mV). In paranthesis the magnitude of cell voltage loss 
compared to the commercial PtRu is given at 40 mA cm " 2 and 368 K. These 
catalysts were prepared by the colloidal Bonneman method followed by 
impregnation on the support [81]. It is important to note however, that with respect 
to a binary PtRu catalyst prepared under identical in-house conditions, the ternary 
formulations with the exception of the one with Sn, gave higher activities. 

The poor activity for methanol oxidation of PtRuSn was also reported for the 
catalyst obtained by ethylene glycol reduction [80]. Contradictory results were 
presented regarding the effect of Mo. The addition of Mo to PtRu with 1:1:0.5 and 
1:1:1 PtRuMo atomic ratios, coupled with thermal treatment at 673 K in H 2 
atmosphere, improved the methanol oxidation current density in linear 
voltammetry experiments, e.g., at 0.5 V vs. RHE the mass activity for PtRuMo 
(1:1:1) at 293 K was 1 A g P b' [121]. However, longer-term DMFC experiments 
were not presented. Many of these studies lack fundamental insights into the 
observed electrocatalytic effects 

Gurau et al. published a comprehensive study of binaiy, ternary and quaternary 
catalysts for methanol oxidation consisting of Pt, Ru, Ir and Os [122]. The 
theoretical foundation for this work has been the metal-carbon and metal-oxygen 
bond strength. Pt and Ir are forming strong bonds with carbon, while Ru and Os are 
both oxophilic. Furthermore, it was found that the best catalysts are those that 
maximize the content of Ru, Os and Ir in the fee Pt phase based on solubility limits. 
XPS spectra showed that the catalyst surfaces were enriched with Ru, Os and Ir 
present either as oxide or hydrous oxide species [122]. 

Figure 4.22 compares the mass-normalized current as a function of anode 
potential and methanol concentration for selected quaternary catalyst formulations 
and a binaiy PtRu (1:1). The novel formulation with an atomic ratio of: Pt:Ru:Os:Ir 
= 2.35:1.45:1:0.2 increased more than 10 times the catalyst mass-normalized 
current compared to the industry standard Pt:Ru (1:1). In spite of promising results, 
to the knowledge of the present author there has been no industrial follow up on 
the PtRuIrOs quaternary catalyst formulation. 

The co-catalytic role of Ir has been recognized by others as well, hence, PtRuIr 

[123] and PtRuIrSn [124] catalysts were also considered. Employing vacuum 
vapor deposition of organometallic precursors Pt(acac) 2 , Ru(acac )3 and Ir(acac )3 or 
Ir(acac) 2 (acac, acetylacetonate) applied in two steps (i.e., first PtRu deposition 
followed by Ir), PtRuIr nanoparticles of approximately 2.5 nm diameter were 
deposited on Vulcan XC72 [123]. Ru and Ir were alloyed into the Pt fee structure. 
The electrocatalytic activity was assessed by voltammetry and chronoamperometry 
using a low catalyst load of 0.075 mg cnf 2 . The catalyst with an atomic 
composition of Pt:Ru:Ir 1.8:1:0.05 gave over twelve times higher methanol 
oxidation current (at 0.6 V vs. SHE) compared to the commercial PtRu [123]. The 
quaternary catalyst containing Sn, namely PtRuIrSn (3:3:3:1 at. ratio) showed also 
improved activity compared to the commercial catalyst in linear voltammetry 

[124] , 
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Figure 4.22. Mass-normalized anode current vs. methanol concentration and anode potential 
for selected quaternary catalyst compositions. 333 K [122], Anode conditions: methanol 
solution flow rate 12.5 mL min -1 , 0 psig, 60 °C. Cathode conditions are the following: 400 
seem dry air, 0 psig. The electrolyte is Nafion 117. Potential V vs. RHE. (Reproduced with 
permission from J Phys Chem B 1998;102:9997-10003. Copyright 1998 American 
Chemical Society.) 

An interesting quaternary catalyst, namely PtRuRhNi was proposed by Park et 
al. [125]. Rh has been considered early on for CH 3 OH oxidation as a co-catalyst 
with Pt in binary PtRh formulations, with maximum acitivity (compared to pure Pt) 
observed at low Rh loadings of ~10 at% [126]. In the quaternary composition 
prepared by the borohydride reduction method, low Rh and Ni content was 
employed corresponding to Pt:Ru:Rh:Ni = 10:8:1:1 atomic ratios [125]. In DMFC 
experiments using 5 mg cm 2 anode catalyst load a maximum power output at 343 
K of 180 mW cm -2 was achieved with PtRuRhNi compared to 160 mW cm -2 
obtained with PtRu. Moreover, the quaternary catalyst showed very good stability 
over an extended operation time of 20 h [126]. 

4.2.1.4 Combinatorial Catalyst Screening 

There are many opportunities to be explored in the area of binary, ternary and 
quaternary anode catalyst formulations for methanol oxidation. Most of the studies 
to date, with the exception of the work by Gurau et al. on PtRuIrOs [122], explored 
a rather limited number of catalyst compositions, typically less than five. In order 
to search and discover the optimum formulation and composition, fast and efficient 
electrocatalyst screening techniques are required that are able to provide 
electrochemical performance evaluations under conditions directly applicable to 
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fuel cells. The challenge for screening technologies is to assure high fidelity 
between the conditions and electrode designs suitable for fast detection in half-cell 
experiments and those required for fuel cell operation. Furthermore, another 
challenge is the inefficacy of recording simultaneously quasi steady-state state 
polarization curves from arrays composed of tens to several hundreds of electrodes 
each with different catalyst formulations. 

Combinatorial electrochemistry techniques that have been applied to catalyst 
screening for methanol oxidation are based on automated multi-electrode arrays 
and optical detection. Reddington et al. published a seminal paper in this area 
implementing optical fluorescent detection of the electrocatalytic activity by 
measuring the proton concentration generated during methanol oxidation using an 
acid-base indicator connected to an array composed of 645 electrodes [127]. The 
fluorescent indicator in acid media was quinine. This system was investigated for 
both ternary (PtRhOs) and quaternary (PtRuOsIr) catalyst compositions. The best 
performing compositions, namely Pt:Rh:Os = 4.8:1.9:1 (atomic ratio) and 
Pt:Ru:Ir:Os = 4.4:4.1:1:0.5 (atomic ratio), were identified as brightly fluorescing 
spots among the array of catalyst compositions supported on Toray carbon paper 
and employed as working electrodes. 

In order to increase the sensitivity of fluorescence imaging, the effect of 
catalyst loading and time on the intensity was studied using Pt and PtSn [128]. The 
best measurements were obtained with 0.25 pmol cm “ 2 catalyst load on Toray 
carbon paper, whilst the long-term catalyst performance could be visualized as a 
decrease in the brightness of the fluorescence spots in time, monitored by a CCD 
camera. 

Fluorescence imaging in an electrolyte composed of 100 pM quinine, 6 M 
methanol and pFI 7, detected using UV light at 254 nm, was employed to screen 
275 different compositions of PtRu, PtMo, PtW and ternary PtRuMoW [129]. The 
most active compositions that were identified were PtRu (atomic ratios 1:1 and 
4.5:1) and PtRuMoW (18.5:5:1:0.5 and 19.25:4.25:1:0.5). Methanol anodic 
polarization experiments at 298 K showed that the ternary formulations gave up to 
about 150 mV lower anode potentials compared to the binary PtRu. These findings 
were not yet validated by fuel cell experiments. 

An interesting variant for optical detection of local proton concentration was 
developed by Brace et al. [130]. An electrochromic counter electrode is utilized 
with \VO 3 -coated conducting glass functioning as FI 1 -insertion electrode. The 
protons generated at the methanol oxidation catalyst migrate to the counter 
electrode and cause by intercalation a color change from colorless to blue in the 
W0 3 -coated counter electrode (Figure 4.23). This method was used to study the 
effect of Pt-black catalyst loading deposited on vitreous carbon with respect to 
methanol oxidation. 

A different approach for combinatorial screening was proposed by Jiang and 
Chu [131]. Employing a movable electrolyte probe, electrolyte solutions of various 
compositions of interest are placed on the array of working electrodes with one 
common counter electrode, which is an air electrode. Thus, full cell measurements 
were made in an arrangement approximating the direct methanol fuel cell. The 
method was used to investigate the effect of anode catalyst loading and methanol 
concentration. 
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Recently an electrochemical robotic system was developed, resembling the 
automatic titration devices, for high throughput electroanalysis and 
electrosynthesis. It uses standard microtitration plates as reaction vessels and 
miniaturized three-electrode arrangements that are accurately placed by an 
automated motion system in each and every reaction vessel [132]. A variety of 
electrochemical techniques (such as chronoamperometry and cyclic voltammetry) 
can be carried out in parallel. A typical miniaturized three-electrode system 
consisted of a Pt disk working electrode (10-250 pm diameter), Pt wire counter 
electrode and Ag/AgCl, 3 M KC1 reference electrode. While the applicability is 
more suited for electrosynthesis and electroanalysis, the potential for 
electrocatalyst screening could be envisioned where the working disk electrodes 
are custom made such that to cover different compositions of interest for methanol 
oxidation. 
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Figure 4.23. Electrochromic detection of anodically generated protons at the WCVcoated 
counter electrode [130], (Brace KM, Hayden BE, Russell AE, Owen JR: A parallel optical 
screen for the rapid combinatorial electrochromic analysis of electrochemical materials. 
Advanced Materials. 2006. 18. 3253-7. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. 
Reproduced with permission.) 


4.2.2 Formic Acid Electrooxidation 


As a framework for discussion of formic acid oxidation on various electrodes, it is 
helpful to consider the reaction scheme based on four pathways (Figure 4.24): i) 
two faradaic steps and ii) two heterogeneous non-faradaic decompositions, 
dehydration and dehydrogenation, respectively. Complex interactions among 
various variables such electrocatalyst composition, potential, temperature and 
electrolyte composition (such as pH and the presence of certain anions and 
additives) will influence the relative rates of the four pathways, the overall 
electrooxidation rate and the long-term catalytic activity. Many details about the 
scheme shown by Figure 4.24 are unknown at present, especially regarding 
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interdependencies and inter-conversions among the four pathways and the exact 
nature of the intermediates [Fi, F n , Hi and H n ] as a function of electrode material, 
potential and temperature. 
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Figure 4.24. Schematic diagram of formic acid electrooxidation and 11011-faradaic 
decomposition 


It must be emphasized that the symbols [F I; F n , H : and H n ] do not necessarily 
imply one intermediate each, since there could be a number of surface adsorbed 
species present for every step. Moreover, it is likely that some of the intermediates 
in the faradaic and non-faradaic routes are similar, such as [ F r ] could have the same 
molecular formulae as [Th] or [F n ] and [H n ] could be identical. 

Regarding the faradaic section of the scheme (Figure 4.24), the conventional 
thinking based on the dual pathway mechanism (e.g., Capon and Parsons [133]), is 
that there are two parallel routes, one via weakly adsorbed (reactive) intermediates 
[Fd obtained on the dehydrogenation section, while the other one goes through 
strongly adsorbed surface poisons [F n ] related to the dehydration of formic acid. 
The nature of these intermediates were not always conclusively determined and 
they will be discussed in the following sections as a function of electrode material 
and experimental conditions. Generally, [Fn] could be CO a d or COH ad (or its 
isomers) whilst candidates for [F,] are species such as HCOO ad (or its isomers). 
The case of adsorbed hydrogen H ad is interesting since it could be either weakly or 
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strongly adsorbed (i.e., either j F r | or [Fn]) depending on the catalyst (e.g., Pt vs. 
Pd). More details are provided in the upcoming sections 

Furthermore, surface reactions and interconversions between the various 
adsorbed species formed in the diverse pathways could be envisaged [32, 36] such 
as: 


2H ad + COOH ad —> COH ad + H 2 0 (4.20) 

Analyzing Figure 4.24 a number of intriguing questions emerge: (i) is the 
faradaic dual pathway mechanism completely parallel or under certain conditions 
(e.g., catalyst or co-catalyst, potential, temperature) an interconversion between the 
‘labile’ and ‘strongly’ adsorbed intermediates, [F,] and [F n ] respectively, can occur 
(as exemplified by Equation 4.20)? (ii) what is the contributions of the non- 
faradaic, thermocatalytic, pathway during formic acid electrooxidation on various 
electrocatalysts (e.g., [H n ] = [F n ] = CO ad )?, (iii) what catalyst compositions favor 
the pathway of least kinetic resistance to oxidation (i.e., via the intermediate [F : ])?, 
(iv) what is the role of H ad and under what conditions OFI ad plays a role in the 
overall reaction scheme? 

4.2.2.1 Pt and Related Binary’ Catalysts PtM (M = Ru, Pb, Co, Bi, Sb, PW 12 0 4 o 3 ~, 
Macrocyle and Sn) 

The fundamentals of formic acid electrooxidation on Pt have been intensely 
investigated. Behm and co-workers carried out authoritative studies as a function 
of temperature (between 298 K and 353 K) combining electrochemical techniques 
with IR spectroscopy [134, 135], Two adsorbates were detected on Pt under all 
reaction conditions: CO ad (both linearly and multifold bonded CO ad>L and CO ad , M , 
respectively) and FlCOO ad (bridge bonded). Thus, based on the scheme given in 
Figure 4.24, FICOO ad is either [F,] or [HJ, while CO ad is either [F n ] or [Hn], 
Temperature had a significant impact on the surface coverages of the two types of 
adsorbed species: the surface coverage of CO ad increased whilst the coverage by 
FICOO ad decreased with an increase of temperature [134]. Flence, temperature 
favored the dehydration of formic acid and the consumption of the weakly 
adsorbed (reactive) formate intermediate. 

Chronoamperometry curves corroborated by surface IR spectra revealed the 
temperature and potential dependent behavior of the adsorbed species. For a large 
potential step from 0.05 V to 0.75 V vs. RHE, it was found that independent of 
temperature the characteristic IR signal intensity of CO adL , reflecting its surface 
coverage, disappeared within 45 s, whilst the CO ad>M signal intensity decreased at 
slower rate (e.g., 2 min). This shows differences in oxidation rates for the two 
types of surface-bonded CO ad , with the former reacting faster. At the same time the 
HCOO ad IR signal intensity increased rapidly after the potential step has been 
applied reaching a maximum at 20 s indicating the contributions of the non-CO 
route [134]. 

The dynamic changes occurring on the surface in terms of adsorbed 
intermediates as a function of electrode potential and temperature, inherently lead 
to the possibility of complex oscillatory phenomena occurring during formic acid 
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oxidation. This topic has received considerable attention [136-142]. Figure 4.26 
exemplifies the oscillatory phenomena occurring during galvanostatic oxidation of 
HCOOH at 0.15 mA cm 2 on a polycrystalline Pt electrode [136]. It shows the 
oscillation of the electrode potential in conjunction with corresponding changes in 

the output frequency of a quartz crystal resonator Af, and its surface energy Ay . 
The latter parameter was calculated based on measurements using electrochemical 
Koesters laser interferometiy [136]. 

The oscillation started after an induction period of about 1500 s due to the 
accumulation of C0 11( i on the electrode. The valleys in the potential oscillations are 
accompanied by peaks of the surface mass of the electrode as indicated by a 
decrease of the resonant output frequency (Figure 4.25). This can be interpreted as 
the formation of surface oxide species at about 0.6 V vs. SSCE (SSCE = Ag/AgCl, 
KClstd.) reacting with the chemisorbed poison (with some contributions possibly 
by adsorbed water) thereby, causing a sharp drop of the anode potential (‘cleaning’ 
the surface). Moreover, Samjeske and Osawa stressed the importance of HCOO a d 
in the oscillation phenomena, suggesting that at high formate surface coverage its 
decomposition rate to CCH (the rate determining step according to these authors) is 
lowered while CO ad acts also as a suppressor of the formate decomposition [137— 
139]. 



Figure 4.25. Oscillatory phenomena during galvanostatic oxidation of HCOOH on Pt at 
0.15 mA cuf 2 in 0.9 M HCOOH - 0.5 M H 2 S0 4 [136], a) Pt electrode mass (indicated as 
frequency change Af in quartz crystal microbalance measurements), b) Pt surface energy Ay s 
and c) electrode potential (With kind permission from Springer Science+Business Media: 
Journal of Solid State Electrochemistry, Simultaneous oscillations of surface energy, 
superficial mass and electrode potential in the course of galvanostatic oxidation of formic 
acid, 9, 2005, 347-53, Lang GG, Seo M, Heusler KE, figure 4.) 
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Figure 4.26. Typical cyclic voltammogram of F1COOFI on Pt compared to HCFIO and 
CEbOH. 0.5 M FESO 4 , 315 K, 100 mV s _1 [143], Electrode potential vs. SFIE. (Reproduced 
with permission from Phys Chem B, 2005;109:15659-66. Copyright 2005 American 
Chemical Society.) 

A typical HCOOH cyclic voltammogram on Pt is given by Figure 4.26(a). Five 
waves were identified and they can be assigned as follows according to Okamoto 
et al. [143]: 

Wave I: 


(4.21) 


rising portion: FICOOFI ad —> FICOO a[ i + FI + + e 
HCOO ad —> C0 2 + H + + e“ 


(4.22) 
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Peak I has been attributed to the accumulation of CO a( i formed by the non-faradaic 


heterogeneous reaction (see also Figure 4.24 and [Hn]): 


HCOOH ad CO ad + H 2 0 

(4.23) 

Wave II: 


CO ad + H 2 O ad C0 2 + 2 H + + 2e“ 

(4.24) 

Also in this region the oxidation of H 2 0 with surface 
formation occurs simultaneously: 

oxide and hydroxide 

H 2 O ad -» OH ad + H + + e“ 

(4.25) 

H 2 O ad —> O ad + 2H + + 2e 

(4.26) 

OH ad —> O ad + H + + e“ 

(4.27) 


Wave III: is probably due to reactions (4.21) and (4.22) on the oxidized surface. 
Wave IV (on the reverse scan) is due to formic acid oxidation (Reaction 4.21 and 
4.22) on clean and possibly re-activated surface. 

Wave V (on the reverse scan) could be due to a combination of processes such as 
surface rearrangement, decrease of the rate of formic acid direct oxidation and 
increase of the heterogeneous non-faradaic reaction rate (4.23) [143]. 

Mathematical modeling is useful to interpret the polarization curves and to 
obtain relevant kinetic parameters. Lovic et al. published a kinetic study of 
HCOOH oxidation using supported high-surface area Pt/C (Tanaka Precious Metal 
Group) [144]. Therefore, this work has immediate relevancy to fuel cell 
application. The authors proposed a rate determining expression based on the 
oxidation of HCOOH according to reactions (4.21) and (4.22), where the 
adsorption of HCOOH was expressed by the Frumkin isotherm considering that 
Qhcooh ~0.5. Hence, the formic acid surface coverage is expressed by: 

exp = < 428 > 

where C H cooh is the formic acid concentration, K 0 is the equilibrium constant of 
adsorption and r is the Frumkin interaction parameter (typically 20-60 kJ mol '). 

Thus, following the arguments made by Lovic et al [144] and taking into 
account the surface coverages of both HCOOH ad and CO ad , the current density is 
expressed as: 


z - Fk a (1 @co ) @hcooh ex P 


aFE 




RT 
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(4.29) 
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where k a is the anodic heterogeneous rate constant for Equation 4.21 and a a is the 
anodic transfer coefficient. 

Furthermore, k„ is also a function of 9 HC ooh since according to the Frumkin 
model not only the Gibbs free energy of adsorption (influencing the equilibrium 
constant of adsorption), but also the free energy of activation (influencing the rate 
constant), is dependent on rO HC ooH (for a general discussion of these aspects see 
[145]). Thus, k a is given by: 


K = K,o ex P 


ard,, 


RT 


(4.30) 


According to Equation 4.30 high repulsion among adsorbates expressed by 
rOncooH » 0 lowers the activation energy in the anodic direction and favors the 
surface oxidation of HCOOFI a[ j. Conversely if r <0, there is attraction among the 
adsorbed molecules and the surface reaction rate is lowered. In other words 
conditions that make HCOOH. 1( | less ‘sticky’ to the surface enhance the oxidation 
rate. An alternative interpretation of parameter r could be based on surface 
inhomogenities 

Substituting Equation 4.30 into Equation 4.29 one obtains: 
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(4.31) 


Expressing the F1COOFI surface coverage dependent exponential term using 
Equation 4.28 the oxidation current density is given by: 


i k (1 9 C0 ) 9 HCOOH Cf/ COOH exp | 


( aFE 


RT 


(4.32) 


where all the constants were incorporated in k. 

Equation 4.32 shows that the oxidation current depends on the anode surface 
coverage by FICOOFI and CO, 9 H cooh and 9co, respectively, and it relates 
therefore, to the oscillatory phenomena discussed earlier. Experimentally, Lovic et 
al. determined a Tafel slope of 150 mV dec -1 on Pt/C in both FI2SO4 and FICIO4 up 
to an anode potential of 200 mV vs. SCE (i.e., 440 mV vs. SFIE), with further 
increase (almost doubling) at higher potentials [144], It was shown that various 9co 
values could simulate to some extent the measured experimental current densities 
[144]. Furthermore, the porous nature of the electrode with mass transfer and ionic 
conductivity related limitations effects also the apparent Tafel slope, inducing what 
is referred to as multiple Tafel slope behavior [146]. 

Considering a a = 0.5 Equation 4.32 predicts a reaction order of 0.5, which was 
confirmed experimentally for FICOOFI concentrations below 0.5 M [144]. At 
higher concentrations the surface coverage saturation by CO ad limits the oxidation 
rate. 
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In order to improve the performance of the Pt various modifications were 
proposed, including adatoms (see also Section 4.1.1) and binaiy alloys. The case of 
PtPd will be discussed in the next section after a presentation of the Pd effect. 

Gasteiger and co-workers examined PtRu alloys [147, 148]. The role of Ru was 
attributed to the formic acid dehydration pathways with subsequent oxidative 
activation of water and removal of CO a d (see Figure 4.24). The proposed optimum 
alloy composition was a 1:1 atomic ratio. The oxidation of HCOOH on PtRu is 
highly sensitive to temperature: the rate increases significantly at 333 K as 
compared to 295 K [149]. A Ru layer eletrodeposited onto Pt was also found to be 
effective in catalyzing the oxidation of HCOOH (Figure 4.27) [150]. At peak 4 in 
Figure 4.27, current density increased almost four times for the Ru/Pt bilayer 
electrodeposited onto a Pt electrode. 



Figure 4.27. The effect of Ru/Pt layer electrodeposited over Pt on the HCOOH cyclic 
voltammogram. Solid line: Ru/Pt deposited onto Pt; dashed line: polycrystalline Pt. 
Electrolyte: 1 M HCOOH - 0.1 M HC10 4 and 1 M HCOOH-O.l M H 2 S0 4 (inset figure). 
298 K. Scan rate 20 mV s _1 . Electrode potential expressed vs. RHE [150], (Reprinted from 
Journal of Power Sources, 163(2), Lemos SG, Oliveira RTS, Santos MC, Nascente PAP, 
Bulhoes LOS, Pereira EC, Electrocatalysis of methanol, ethanol and formic acid using a 
Ru/Pt metallic bilayer, 695-701, 2007, with permission from Elsevier.) 

Pb alloyed with Pt also enhanced the HCOOH oxidation rate [151-153]. 
Intermetallic PtPb nanoparticles (diameter -20-32 nm) synthesized in THF and 
diglyme from organometallic precursors showed mass-specific activities toward 
HCOOH oxidation up to almost ten times higher compared to commercial PtRu 
(Figure 4.28) [152]. Fuel cell experiments are awaited to further validate the 
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practical applicability of PtPb nanoparticles. The beneficial effect of Pb has been 
attributed to favoring the weakly adsorbed reactive intermediate route as opposed 
to the CO ai j pathway. Moreover, in the PtPb alloy the Pt-Pt bond length was 
increased from 2.77 A to 4.24 A; therefore, the bridge-mode adsoiption of CO was 
hampered, facilitating the removal of CO a( | [151]. 



E (V)vs. Ag/AgCI (NaCl sat) 

Figure 4.28. Mass specific activity with respect to F1COOF1 oxidation for PtPb nanoparticles 
(prepared from organometallic precursors in diglyme) compared to commercial PtRu/C. 0. 5 
M F1COOH - 0.1 M FESO 4 , 10 mV s~’; 298 K [152], (Reproduced with permission from 
Chem Mater 2006;18:5591-6. Copyright 2006 American Chemical Society.) 

PtCo bimetallic nanoparticles supported on highly oriented pyrolitic graphite 
showed good activity toward HCOOH oxidation compared to pure Pt, particularly 
in the composition range Pt:Co between 1:1.1 and 1:3.5 (atomic ratio) [154]. 

Bismuth as an adatom or alloying element with Pt has been proposed as an 
extremely active co-catalyst for HCOOH oxidation on Pt. The unusual activity of 
Bi has been attributed to a combination of geometric (third-body) and electronic 
effects [155-157]. However, the role of Bi is quite complex and in some cases 
contradictory results were obtained. Tripkovic et al. clearly showed the activity of 
PtBi is dependent on the redox behavior of Bi and on its surface arrangement 
[158]. Oxidized Bi 3+ species such as Bi 2 0 3 and BiO(OH) were identified by XPS 
on the surface at both open circuit and anodic potentials. Furthermore, the 
possibility of Bi leaching was proposed, with subsequent underpotential deposition 
of the resulting Bi 3+ on the surface forming in-situ an adlayer, which could also 
contribute to the enhanced catalytic activity, as shown by a shift of the HCOOH 
oxidation onset potential by -0.25 V compared to pure Pt [158]. 

Schmidt et al. carried out detailed potentiodynamic investigations on this topic 
using Pt(lll) with spontaneously adsorbed Bi [159]. It was found that after about 
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20 min of potentiostatic operation at 0.65 V vs. RHE and 303 K the catalytic effect 
of Bi on Pt(lll) disappeared. Two opposite effects of Bi were proposed: i) 
increased formation of OH ;l(l on Pt sites situated next to Bi enhancing the catalytic 
activity and ii) the inhibiting effect of Bi layer on the Pt catalytic activity [159]. 

Complex spatio-temporal oscillatory patterns of the HCOOH oxidation rate on 
Pt were observed in the presence of ~10 6 M Bi 31 in the solution (i.e., in effect a Bi 
underpotential deposited layer on the Pt surface) [160]. The instabilities are 
exemplified in the cyclic voltammogram shown by Figure 4.29. It was concluded 
that there is a continuous oscillatory deactivation-reactivation of the surface with 
major impact from surface defects, as well. 



Figure 4.29. Cyclic voltammetry of HCOOH oxidation on Pt, a) in the presence of 10 6 M 
Bi ,+ and b) in its absence. 0.5 M H 2 SO 4 - 1 M HCOOH. Scan rate 10 mV s _l [160], 
(Reprinted with permission from Lee J, Christoph J, Strasser P, Eiswirth M, Ertl G. Spatio- 
temporal interfacial potential patterns during electrocatalyzed oxidation of fonnic acid on 
Bi-modified Pt. J Chem Phys 2001;115:1485-92. Copyright 2001 American Institute of 
Physics.) 

The co-catalytic role of Sb is somewhat similar to that of Bi. The redox 
behavior of Sb in conjunction with H ad on Sb determines the electrocatalytic 
activity in a Pt structure-sensitive fashion [161, 162]. Sb modification had a 
beneficial effect on the HCOOH electrooxidation activation energies on Pt(lll) 
and Pt(331), while exercising an inhibitory role on Pt(100), Pt(110), and Pt(320) 
[161]. But the same group presented cyclic voltammetry data showing increased 
HCOOH oxidation currents on Sb-modified Pt(110) and Pt(320) [162]. The effect 
of Sb ai j was very dependent on its surface coverage and there was an interaction 
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effect between Sb a d surface coverage and the Pt crystal face. It is clear more 
investigations and longer-term studies are needed with respect to the effect of Sb. 

Petry and co-workers published a study on the effect of oxotungstate adlayers 
on the electrocatalytic activity of Pt toward HCOOH oxidation [163]. In the 
presence of 1 mM Na 3 PW 12 O 40 in 0.5 M H 2 S0 4 - 0.1 M HCOOH, at E < 0.55 V 
vs. RHE the oxidation current on a Pt electrode was higher by about 2.5-3 times. 
The direction of scanning also had an effect on the relative behavior with respect to 
phosphotungstate, since conditions had to be created on the surface for its effective 
adsorption [163]. 



Sp&cilic current density ! mA cm" mg' 


Figure 4.30. Effect of Pt-FeTSPc a d anode catalyst in a direct formic acid fuel cell; 333 K, 
atmospheric pressure, 6 M HCOOH. Anode: Pt loading 0.5 mg cnT 2 , fuel flow rate 1.0 ml 
min' 1 . Cathode: Pt loading 1.5 mg cm' 2 , 100 cm 3 min 1 of dry 0 2 at STP [164], 
(Reproduced from Electrochemistry Communications, 9(7), Zhou X, Xing W, Liu C, Lu T, 
Platinum-macrocycle co-catalyst for electrooxidation of formic acid, 469-73, 2007, with 
permission from Elsevier.) 

Using the Pt/macrocycle (Fe-tetrasulfophthalocyanine, FeTSPc) catalytic 
system Zhou et al. obtained an approximately two times higher peak current 
density for HCOOH oxidation with Pt-FeTSCPc a d as compared to bare Pt electrode 
[164]. Moreover, these authors presented direct formic acid fuel cell results 
proving the power output increased over virtually the entire operating range for the 
macrocycle-adsorbed Pt electrode (Figure 4.30) [164], In the fuel cell setup the 
adsorption of FeTSPc on the Pt anode was achieved by pumping 4 pg ml” 1 FeTSPc 
for 2 h in the anode chamber of the fuel cell followed by thorough washing with 
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0.5 M H 2 SO 4 and H 2 0. The peak power density increased with the macrocycle 
catalyst from about 80 mW cm 2 mg ' P t to 130 mW cnf 2 mg _ 1 P t- The role of the 
macrocycle was related to both intrinsic kinetics (since the apparent oxidation 
activation energy was lowered) and geometric influence (i.e., steric hindrance of 
CO adsorption) [164]. These very promising results definitely warrant further 
investigations of macrocycle co-catalysts. 

Recent results with PtSn/C obtained by the Tekion Inc. group demonstrated 
stable operation over extended periods of time at various temperatures [165], 
confirming previous results in this area by Adzic and co-workers [36]. Figure 4.31 
exemplifies the half-cell performance of Pt/Sn at 100 mA cm 2 . Furthermore, it 
shows that for the same metal and ionomer load in the catalyst layer (3 mg cm “ 2 
and 0.75 mg cm 2 Nafion, respectively) and an identical atomic ratio of Pt:Sn = 
4:1, the catalyst with 25 wt% metal dispersion on the support gave about 25 mV 
lower anode potential [165]. Thus, in this case it is likely that the interface between 
PtSn/Nafion/carbon support controlled the overall anode performance, affecting 
the catalyst utilization. These aspects are further detailed in Section 4.3 of this 
chapter. 
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Figure 4.31. Long-tenn perfonnance of PtSn/C as a function of temperature and catalyst 
dispersion. Pt:Sn at. ratio 4:1, catalyst load 3 mg cm 2 , 10 M HCOOH, 0.1 ml muT 1 [165], 
(Reproduced with permission of the authors.) 


Regarding the intrinsic kinetic effect of Sn, Xia investigated PtSn ad (obtained 
by underpotential deposition) employing on-line mass spectroscopy in conjunction 
with electrochemical techniques [166]. The maximum electrocatalytic activity in 
0.01 M HCOOH - 0.1 M HC10 4 was observed for a Sn ad surface coverage of -0.70 
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independent of the potential in the range of 0.2-0.4 V vs. RHE. Quasi-steady state 
polarization curves revealed up to two orders of magnitude higher HCOOH 
oxidation current density at 0.4 V vs. RHE for PtSn ad (0 Sn ~0.7) compared to pure 
Pt. The Sn adlayer was stable up to 0.65 V vs. RHE. The mechanism proposed by 
Xia for the effect of Sn seems the most comprehensive to date and is composed of 
two main parts, depending on the anode potential [166]: i) at E < 0.2 V vs. RHE 
the role of Sn is mainly an electronic effect modifying the HCOOH adsorption on 
the Pt sites and also influencing the distribution of the water molecules at the 
interface; ii) at E > 0.2 V vs. RHE, Sn ad is oxidized to Sn 2l ad and the involvement 
of corresponding hydroxide species in terms of the bifunctional mechanism was 
invoked as follows [166]: 


Sn ad + H 2 0 —»[Sn(OH)] ad + H + 

(4.33) 

CO ad + [Sn(OH)]: d -+ Sn 2 d + + 0O 2 + H + + 2e“ 

(4.34) 

COH ad +[Sn(OH)]; d -+ Sn 2 d + + C0 2 +2H+ +2 e - 

(4.35) 


4.2.2.2 Pd and Related Binary’ Catalysts 

The electrocatalysis of HCOOH oxidation on Pd constitutes a special case and 
represents an exception when compared to CH 3 OH and C2H5OH. Some of the early 
work on this topic has been presented in Section 4.1. The cyclic voltammogram of 
Pd(lll) in 0.1 M H 2 S0 4 is shown by Figure 4.32 [167]. Key features are: i) 
pronunced underpotentially deposited hydrogen peaks (adsorption/desorption) 
around -0.05 V vs. SCE, ii) ordered S0 4 2- adlayer formation at +0.1 V vs. SCE, 
and iii) Pd surface oxidation at 0.8 V vs. SCE and reduction of the surface oxides 
at 0.4 V on the cathodic scan, generating irreversible surface defects [167]. 

However, the surface properties of the single-crystal Pd electrode are different 
compared to polycrystalline or pseudomorphic Pd monolayers. This is well 
illustrated by the hydrogen desorption peak potential and oxidation current on Pd 
monolayers (Pd M i.) deposited on various substrates (Figure 4.33(a)) [167a]. There 
are large variations among the Pd-monolayers, and also in comparison to Pd(lll), 
with respect to hydrogen adsorption strength. The more negative the hydrogen 
oxidation potential the weaker the hydrogen adsorption on Pd. 

Thus, based on Figure 4.33(a), in the case of Pd ML /Re there was virtually no 
H ad , whilst at the other extreme strong H ad occurred on Pd ML /Au(lll) [167a], This 
has been correlated with the J-band center energy level shift according to the 
Norskov et al. model [168]. The change in the c/-band center energy was due to the 
different lattice parameter of the overlayer vs. bulk substrate (geometric effect) 
and/or electronic interaction between the two phases, surface and bulk (ligand 
effect). The dilatation of the Pd monolayer caused by the underlying bulk metal 
substrate, as in the case of Pd ML /Au(lll), leads to strong hydrogen adsorption; 
conversely, a compression of the Pd monolayer, as in Pd ML /Re and Pd ML /Ru, 
generated weak H ad on the surface [167a]. 
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Figure 4.32. First scan cyclic voltammogram of Pd(lll) in 0.1 M FESO 4 starting at 0.1 
V SCE and scanned in the negative direction first. Scan rate 10 mV s -1 , 298 K [167a], 
(Reprinted with permission from Kibler LA, El-Aziz AM, Floyer R, Kolb DM. Tuning 
reaction rates by lateral strain in a palladium monolayer. Angew Chem Int Ed 
2005;44:208CM-. ©2005 German Chemical Society.) 

All these surface structural changes of Pd will impact its electrocatalytic 
activity toward HCOOH oxidation. According to Figure 4.33(b), compression of 
Pd M L (i.e., lowering the d -band center energy level) is favorable for reducing the 
onset potential for HCOOH oxidation. In other words, the weaker the H ad on Pd the 
lower the HCOOH oxidation onset potential. This result also supports the idea that 
very strong H ad could play an inhibitory role during HCOOH oxidation. However, 
there is a compromise since the HCOOH oxidation current is also lowered when 
H ad is weak (Figure 4.33). Presumably, a weak hydrogen adsorption implies weak 
formic acid adsorption and low surface coverage. The best results were obtained 
for Pd ML /Pt(111) and Pd M i/PtRu(lll), where the oxidation onset potential was 
lowered whilst the oxidation current increased compared to bulk Pd(l 11) [167a]. 

Related studies on Pd ML /Pt( 111) by Arenz et al. demonstrated conclusively the 
reaction mechanism differences between Pd and Pt [167b and c]. In the context of 
Figure 4.24 the HCOOH electrooxidation on Pd occurs exclusively through the 
dehydrogenation pathway, leading to CO 2 formation via the weakly adsorbed 
intermediates [ F r ]. On Pt, however, depending on the potential, both 
dehydrogenation and dehydration pathways can occur. The latter prevails at low 
potentials (< 0.45 V), leading to CO a d ([F n ]), which is further oxidized to C0 2 by 
OH ad . At high potentials where the dehydrogenation pathway and/or the oxidative 
CO ad removal are favored, the presence of OH ad poisons the electrode surface, 
according to Arenz et al. [167b and c]. 

Furthermore, the importance of competitive adsorption among species such as 
HCOOH ad , H ad and S0 4 2_ ad must be emphasized. It has been recognized that H ad 
behaves as a poisoning species over the entire electrode potential range [167c]. 
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a) 



b) 

Figure 4.33. a) Anodic polarization curve corresponding to H ad desorption on Pd( 111) and 
Pd monolayers (Pd M L,) deposited on various substrates. 0.1 M H 2 S0 4 . Scan rate 10 mV s _1 
[167a], b) Anodic polarization curves for F1COOH on Pd(lll) and Pd monolayers (PdML) 
deposited on various substrates. 0.2 M FlCOOFl-O.l M FESO 4 . Scan rate 20 mV s~* [167a], 
(Reprinted with permission from Kibler LA, El-Aziz AM, Floyer R, Kolb DM. Tuning 
reaction rates by lateral strain in a palladium monolayer. Angew Chem Int Ed 
2005;44:2080-4. ©2005 German Chemical Society.) 

The role of Pd surface layers was also investigated by Waszczuk et al., showing 
good catalytic activity for spontaneously deposited Pd (from 5 mM Pd(N 0 3 )2 - 0.1 
M H 2 SO 4 for 5 min) on high surface area Pt and PtRu, respectively. After 8 h of 
operation at 0.27 V vs. RHE in 0.1 M HCOOH - 0.1 M H 2 S0 4 the current 
measured with Pd/Pt was about two orders of magnitude higher compared to pure 
Pt [169]. 
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Differential electrochemical mass spectrometry was used by Vidal-Iglesias et 
al. to study the HCOOH oxidation on Pd submonolayers deposited on Pt(100) and 
Pt(lll) [170]. It was found that the adsorption of S0 4 2- inhibits HCOOH 
oxidation. Competitive adsorption between hydrogen and sulfate was responsible 
for the voltammetric peak at 0.26 V vs. RHE on Pd, while at 0.3 V vs. RHE, H 11(1 
was completely displaced by the adsorbed sulfate. At E > 0.3 V the S0 4 2- 
adsorption was stronger, further diminishing the HCOOH oxidation current on the 
Pd modified electrodes [170], The deposition mechanism and surface analysis of 
Pd on Pt(lll) was published by Ball et al. [171]. 

In addition to Pd surface layers, carbon-supported PdPt catalysts with various 
degrees of alloy formation were investigated for HCOOH electrooxidation. The 
catalyst preparation technique typically had a significant effect on the activity. Li 
and Hsing prepared Pt x Pdi_ x (x = 0-1) nanocatalysts supported on Vulcan XC72 
using surfactant stabilization to control particle growth [172]. The average particle 
size and surface area were 2.2-2.9 nm and 64.5-80.5 m 2 g -1 , respectively, whilst a 
commercial PtPd/C (1:1 atomic ratio, E-TEK Inc.) had larger particle sizes of 
about 4.5 nm and a smaller area of 46.7 m 2 g _1 . Due to these morphological 
differences, the surfactant stabilized PtPd/C catalyst (1:1 at. ratio) gave almost four 
times higher mass-specific HCOOH oxidation current densities at 0.5 V vs. RHE 
compared to the commercial catalyst [172]. 



Potential / V vs. RHE 

Figure 4.34. Formic acid oxidation on Pt x Pdi_ x /C nanocatalysts prepared by a surfactant 
stabilized method using methanol as the reducing agent. 293 K, 50 mV s ', 0.25 M HCOOH 
- 0.25 M HC10 4 [172], (Reproduced from Electrochimica Acta, 51(17), Li X, Hsing I-M, 
Electrooxidation of formic acid on carbon supported Pt x Pd| t (x = 0-1) nanocatalysts, 3477- 
83, 2006, with pennission from Elsevier.) 
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Regarding the optimum Pd/Pt atomic ratio, the same authors reported that in the 
practical potential domain for direct formic acid fuel cells and at 293 K, the 
catalyst with a 2:1 Pd:Pt atomic ratio gave the highest HCOOH oxidation 
superficial current densities (Figure 4.34) [172]. However, in a direct comparison 
of PdPt (2:1 )/C and pure Pd/C by cyclic voltammetry the oxidation current on the 
anodic scan was over five times higher on the pure Pd/C catalyst. 

The superior activity of Pd/C compared to Pt/C, both produced by the 
microwave assisted polyol method, was also demonstrated in direct formic acid 
fuel cells [173]. With Pd/C as the anode catalyst the maximum power output at 298 
K was 120 mW cm -2 while Pt/C yielded only 65 mW cm -2 . The catalyst load was 8 
mg cm 2 in both cases and the formic acid concentration in the fuel cell 3 M. 

An interesting discussion has emerged in the literature regarding the long-term 
stability of Pd catalysts in direct formic acid fuel cells. There is evidence of 
catalytic activity loss over time of pure Pd as opposed to Pt and PdPt alloys. The 
chronopotentiometiy data shown by Figure 4.35, obtained at 100 mA cm" 2 in 10 M 
HCOOH and 293 K [174], indicates that although Pd is more active compared to Pt 
and PtPd by operating at 0.2-0.25 V more positive potentials, the anode potential 
on Pd gradually shifts toward higher values, exceeding the Pt-based catalysts after 
6 hrs. This was partly attributed to Pd catalyst deactivation over time [174]. Hence, 
either Pd catalyst regeneration must be performed or a new formulation must be 
implemented that stabilizes the Pd while maintaining its activity. 



Figure 4.35. Chronopotentiometry of fonnic acid oxidation oil Pd, PdPt (prepared by the 
polyol method), and Pt. 10 M HCOOH - 0.1 M H 2 SO 4 , 293 K, 100 111 A cm" 2 . Catalyst load 
6 mg cm" 2 . The Pd:Pt atomic ratios are listed [174], (Reproduced by permission of ECS— 
The Electrochemical Society, from Blair S, Lycke D, Iordache C. Palladium-platinum alloy 
anode catalysts for direct fonnic acid fuels.) 
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Based on Figure 4.35, the major role of Pt was to stabilize Pd at the expense, 
unfortunately, of the catalytic activity. The best performance was obtained with a 
1:1 Pd:Pt atomic ratio [174]. The long-term poisoning mechanism of Pd has not 
been discussed. The elucidation of the role of hydrogen adsorption and absoiption 
into the bulk Pd electrode, in conjunction with CO at( and/or oxidation of the Pd 
surface, could represent venues to be explored in order to shed light on the 
deactivation mechanism. 

The Pd nanoparticle size has a strong influence on the electrocatalytic activity 
and stability with respect to formic acid oxidation. Liu et al. compared two Pd/C 
(20 wt% Pd) catalysts with different particle sizes [175]. Both catalysts were 
prepared by NaBH 4 reduction in alkaline media. Flowever, in one case the PdCL 
precursor was mixed with FI 3 BO 3 and NFI 4 F before creating the suspension with 
the Vulcan XC72 support and adding the NaBFl 4 solution. This technique yielded 
Pd nanoparticles of 3.2 nm diameter whilst the same reduction technique but 
without the FI 3 BO 3 and NFI 4 F additives gave much larger particles (15.5 nm) [175]. 
These differences obviously impacted the electrocatalytic activity; the smaller 
nanoparticles and correspondingly higher specific surface area catalyst gave 
FICOOFI oxidation current densities about an order of magnitude higher at 0.1 V 
vs. RHE in 0.5 M FICOOFI - 0.5 M FI 2 SO 4 after 1000 s of operation. Furthermore, 
the rate of activity decay in time was slower for the smaller Pd nanoparticles. 

In another approach to improve the long-term activity of Pd catalysts, a Pd-P 
composite formulation was proposed [176]. The P was incorporated into the 
catalyst by employing the same NaBH 4 reduction method as described above (i.e., 
with H3BO3 and NH 4 F present) but NaFLPCL was also added to the solution. The 
Pd:P atomic ratio was 1:0.09. Chronoamperometric curves at 0.1 V vs. RHE over 
100 min showed improved activity and stability for the P-modified catalyst 
compared to pure Pd [176]. 

An alternative method to recover the activity of the Pd anode catalyst was 
proposed by Masel and co-workers, based on applying an anode potential spike of 
1.2 V for a few seconds [177]. They also showed that Pd deactivation worsens with 
increasing HCOOH concentration, e.g., at 293 K in 10 M HCOOH the current 
density loss at a constant cell voltage of 0.53 V was about 28.5 mA cm * 2 h , while 
in 15 M HCOOH it doubled to 57 mA cm * 2 h* 1 . The Pd load in this study was 8 mg 
cm ' 2 [177]. 

Moreover, there is some indication in the literature that the purity of formic 
acid might play a role in affecting the order of stability among Pd, Pt, and PdPt. 
The long-term activity of Pd improved with enhanced formic acid purification 
[176]. This effect has not yet been thoroughly validated. 

Another observation, which might relate to either electrocatalysis or other 
aspects of the catalyst layer (e.g., porosity), was the enhancement of the direct 
formic acid fuel cell performance following methanol conditioning under load 
[178]. Conditioning was performed by passing 1 ml min * 1 CH 3 OH through the 
anode compartment at 343 K under polarization, with cell voltages between 0.4 
and 0.1 V. The anode catalyst was a Pd surface layer deposited on 4 mg cm * 2 Pt. 
Following thorough flushing with deionized water, when the cell was switched to 
the 9 M HCOOH feed the maximum power density surprisingly increased from 33 
to 119 mW cm * 2 at 333 K [178]. The exact cause of this effect has not been 
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established yet. Some changes in the catalyst due to methanol conditioning were 
observed by the CO stripping voltammetry peak broadening, indicating possible 
modifications in the surface crystallography. Also, the hypothesis of pore structure 
alignment in the catalyst layer as a result of Nafion ionomer exposure to methanol 
under load was put forward [178]. 

4.2.3 Ethanol Electrooxidation 

Increasing the number of carbon atoms in the fuel molecule inherently increases 
the number of electrooxidation steps and the potential reaction pathways [179]. 
Figure 4.36 summarizes the network of reactions for ethanol electrooxidation, 
generating products such as CH 3 CHO, CH 3 COOH, and C0 2 . 
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Figure 4.36. Multi-pathway reaction model for ethanol electrooxidation 

Recently, Wang et al. published a comprehensive investigation of ethanol 
oxidation, with detection of both surface adsorbed and bulk species and 
determination of respective current efficiencies [180]. They compared three 
catalysts, Pt/C, PtRu (1:1 at. ratio)/C, and PtSn (3:1 at. ratio)/C, all prepared by the 
ethylene glycol method. On all three catalysts, for the investigated potentials 
(between 0.4 and 0.7 V vs. RHE) after 15 min of reaction time in 0.1 M ethanol - 
0.5 M H 2 S0 4 , the highest yield was obtained for CH 3 CHO (between 47 and 70%), 
followed by CH 3 COOH (between 29 and 41%), and lastly, small amounts of C0 2 
were detected (yield between 0.3 and 1.1%) [180]. Generally, on all three 
electrodes the yield of acetic acid increased with increasing electrode potential, at 
the expense of acetaldehyde formation. The strongest electrode potential 
dependence was observed in the case of PtRu/C, where at 0.4 V the yield of 
CH 3 CHO was about 59% and at 0.7 V vs. RHE it dropped to 47%. 

Using in situ spectroscopy the same authors revealed the roles of Sn and Ru as 
alloying elements. The rate of dissociative ethanol adsoiption was lower on the 
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alloy catalysts compared to pure Pt but the advantage of the alloying element 
consisted in the higher oxidation rate of the intermediates, therefore lowering the 
steady-sate CO a[ j surface coverage (especially the linearly bonded type CO a dx) 
[180]. By FTIR measurements CH 3 CHO ad and CH 3 COOH ad could not be 
distinguished, according to Wang et ah, but C=0 species were identified on the 
surface [180]. 



(a) 



Ru atomic percentage 

(b) 

Figure 4.37. Effect of Ru content oil ethanol electrooxidation: (a) product distribution after 
3 min of polarization at 0.5 V vs. RE1E, (b) oxidation current density after 30 min of 
polarization at 0.5 V vs. RE1E. 1 M C2H5OH - 0.5 M H2SO4; 298 K [182], (Reproduced 
from Journal of Electroanalytical Chemistry, 585(1), Camara GA, de Lima RB, Iwasita T, 
The influence of PtRu atomic composition on the yields of ethanol oxidation: a study by in 
situ FTIR spectroscopy, 128-31, 2005, with permission from Elsevier.) 
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On the same issue of product distribution, Iwasita and co-workers noted the 
ethanol concentration dependence [181-182]. At ethanol concentrations below 
0.05 M the yield of acetaldehyde on Pt at 0.5 V vs. RHE was virtually zero. Only 
for ethanol concentrations higher than 0.15 M did the yield of acetaldehyde exceed 
that of acetic acid [ 181 ]. 

In the case of Pt alloys such as PtRu, the elemental composition of the catalyst 
has a pronounced effect on the product distribution [182]. Figure 4.37(a) shows 
that the CH 3 COOH yield increases with Ru content. The highest ethanol oxidation 
current density (at 0.5 V vs. RHE) was measured for the 40 at% Ru catalyst, with 
acetic acid as the majority product (Figure 4.37(b)). 

Following up on half-cell experiments, it is of great interest to characterize the 
products obtained in direct ethanol fuel cells. Rousseau et al. investigated direct 
ethanol fuel cells employing Pt, PtSn (9:1 at. ratio), and PtSnRu (8.6:1:0.4) anode 
electrocatalysts supported on Vulcan XC72 prepared by the Bonnemann colloidal 
method (3 mg cm" 2 Pt content) [183]. 
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Figure 4.38. Direct ethanol fuel cell polarization curves at 353 K. Ethanol concentration 2 
M, Nafion 117, 0 2 pressure 3 bar [183], (Reproduced from Journal of Power Sources, 
158(1), Rousseau S, Coutanceau C, Lamy C, Leger J-M, Direct ethanol fuel cell (DEFC): 
electrical perfonnances and reaction products distribution under operating conditions with 
different platinum-based anodes, 18-24, 2006, with permission from Elsevier.) 


Figure 4.38 shows the maximum power output (52 mW cm" 2 at 353 K) was 
obtained with the ternary formulation, compared to only 27 mW cm" 2 with the 
binaiy catalyst. The product distribution is given in Table 4.2 [183]. Adding Sn to 
the catalyst formulations favored the formation of CH3COOH, and lowered the 
amounts of (XT and CH 3 CHO. Furthermore, the CCE content was also much higher 
(between 10-20%) than those reported based on half-cell experiments [180]. 
Therefore, these findings at the fuel cell level contradict the half-cell results of 
Wang et al. discussed previously [180]. Differences in catalyst loading, 
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temperature, ethanol concentration, electrolyte composition (i.e., H 2 SO 4 or HCIO 4 
in half-cell shidies and aqueous ethanol in tuel cells), and operating time might be 
partially responsible for the discrepancies between the fuel cell and half-cell 
product analysis. 

Table 4.2. Product distribution (chemical yields) after 4 h operation of the direct ethanol 
fuel cell (Figure 4.38) at 0.3 V for Pt/C and 0.5 V for PtSn/C and PtSnRu/C [183], 
(Reproduced from Journal of Power Sources, 158(1), Rousseau S, Coutanceau C, Lamy C, 
Leger J-M, Direct ethanol fuel cell (DEFC): Electrical perforniances and reaction products 
distribution under operating conditions with different platinum-based anodes, 18-24, 2006, 
with permission from Elsevier.) 


Catalyst 

CH3COOH (%) 

CH3CHO (%) 

C0 2 (%) 

Pt/C 

32.5 

47.5 

20.0 

PtSn (9:1)/C 

76.9 

15.4 

7.7 

PtSnRu (8.6:1:0.4)/C 

75.0 

15.2 

9.8 


The beneficial role of Sn as an alloying element with regard to ethanol 
oxidation has been extensively discussed in the literature [80, 180, 183-195]. 
There seem to be two schools of thought: one attributes the Sn effect to the 
enhanced oxidation of ethanol without breaking the C-C bond, producing mainly 
acetaldehyde and acetic acid [184], while the second approach proposes that Sn 
also affects the CO 2 generation rate, not via the CO route but by enhancing the 
oxidation rate of CH 3 CHO to C0 2 [179, 186]. 

There is now fairly conclusive evidence that PtSn performs better than PtRu, 
PtPd, PtRe, and PtW in direct ethanol fuel cell experiments, especially at 
temperatures equal to and above 343 K [185-186, 188-192]. Furthermore, the 
long-term stability of PtSn (9:1 at. ratio) was promising, as the cell voltage was 
virtually constant around 0.45 V for 240 min at 32 mA cm ” 2 and 353 K [183]. 

The mass specific activities of the catalysts for ethanol electrooxidation are 
unfortunately quite low, between about 5 mW mg ” 1 at 323 K and 9-11.5 mW mg ” 1 
at 353 K based on peak power outputs [183-184, 186]. Zhou et al. reported 
somewhat higher mass specific activities, reaching 23 mW mg ” 1 at 333 K [188b]. 
Utilizing extended reaction zone anodes could also improve the mass specific 
activity (see also Section 4.3) [190]. 

There is some debate regarding the optimum Pt:Sn atomic ratio. The interaction 
effects between catalyst preparation method, temperature, ethanol concentration, 
and electrode potential will affect the performance of various formulations. The 
typical investigated range was between Pt:Sn 9:1 and 1:1 (atomic ratio). Zhou et al. 
noted the temperature dependence of the optimum Pt:Sn ratio: 1.5:1 at 333 K and 
2:1 at 363 K, respectively [188b]. At elevated temperatures (between 363 K and 
403 K) the performance of PtSn-based catalysts improved considerably. Jiang et al. 
reported an unusually high mass-specific peak power output of 53 mW mg ” 1 for 
PtSn (3:1 at. ratio) at 363 K [193], while Colmati et al., at the same temperature 
and catalyst composition, reported only 18-20 mW mg ” 1 [186, 194]. However, the 
catalysts were prepared by different techniques. 
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The role of Sn oxides at high temperatures was invoked and PtSnO and 
PtSnlnO catalysts produced by the polyol method were found to be effective for 
ethanol oxidation [192, 193]. Other ternary formulations that showed promise are 
PtSnRu [183, 196] (Figure 4.38) and PtSnNi (1.25:1:0.4) [187]. For DEFC 
operated at 383 K a ternary formulation composed of PtSnRu/C (1:1:0.3 at. ratio) 
improved the peak power output compared to PtSn/C (1:1) from 27 mW cm 2 to 32 
mW cm ” 2 using 1 mg cm ” 2 catalyst load, 1 M ethanol and 3 atm 0 2 pressure [196]. 

There have been a few attempts to replace Pt as the basis for ethanol oxidation 
electrocatalysis. The ethanol oxidation on Au in both 0.1 M HCIO 4 and 0.1 M 
NaOH was sluggish and the product analysis after 60 h showed acetaldehyde as the 
majority product [197]. Pd, on the other hand, was found to be a more promising 
catalyst candidate. Zheng et al. investigated Pd nanoparticles (3-6 nm diameter) 
supported on carbon black (C), activated carbon fiber (ACF), and multiwalled 
carbon nanotubes (MWCNT) [198]. The ethanol oxidation experiments were 
carried out in alkaline media (1 M KOH). The cyclic voltammogram (Figure 4.39) 
shows that Pd/MWCNT provided the highest oxidation current densities. However, 
the comparison is incomplete since Pt was supported only on carbon black. Thus, 
the effect of MWCNT cannot be established. 



_1_ 1 _ 1 _ 1 _ 1 _ 1 _ 1 _ 1 _ 1 _ 1 _1_ 1 _1 
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Figure 4.39. Cyclic voltammogram of ethanol oxidation in alkaline media on Pd and Pt 
catalysts. 1 M ethanol - 1 M KOH, sweep rate 50 mV s” 1 , 293 K. [198], E [Hg/Hgo, a(OH-) = i] = 
0.098 V vs. SHE. a) Pd/MWCNT, b) Pd/C, c) PI/C, and d) Pd/ACF. (Reproduced from 
Journal of Power Sources, 163(1), Zheng HT, Li Y, Chen S, Shen PK, Effect of support on 
the activity of Pd electrocatalyst for ethanol oxidation, 371-5, 2006, with permission from 
Elsevier.) 
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Nevertheless, under identical conditions Pd/C also gave better results than Pt/C 
[198] (Figure 4.39). Interestingly, chronopotentiometry revealed strong anode 
potential oscillatory behavior on Pt/C, while the Pd/MWCNT system was stable 
over the entire 250 min duration of the experiment [198]. Furthermore, Ti0 2 
nanotubes could also serve as Pd catalyst supports for ethanol oxidation in alkaline 
media [199]. 

In alkaline media, Ni-based supports were also explored in conjunction with 
PtRu and PtRuMo electrocatalysts [200-202]. Pt:Ru compositions between 1.1:1 
and 2.1:1 atomic ratio supported on Ni were found to yield the lowest faradaic 
resistances for the oxidation of 1 M ethanol in 1 M NaOH, determined by 
electrochemical impedance spectroscopy [200]. It was speculated that the role of 
Ni support extends beyond purely mechanical passive interaction with the catalyst, 
and Ni could contribute to the electrocatalytic activity by its surface and electronic 
properties as an oxophilic element. Further studies are required in this area. 

Gupta and Datta developed CuNi alloys (70:30) as substrates for fabricating the 
anode compartment of direct ethanol fuel cells [201-202]. Surfactant assisted (i.e., 
2 wt% PTFE) galvanostatic electrodeposition at 15 mA cm” 2 was employed to 
deposit PtRu and PtMo on the substrate [201]. The activity of PtMo/CuNi was 
superior only over short time periods (below 200 s) compared to PtRu/CuNi. The 
reaction products were not analyzed and alkaline direct ethanol fuel cell 
experiments were thus far not presented using these catalysts. 

4.2.4 Non-precious Metal Catalysts for Methanol, Formic Acid, and Ethanol 
Oxidation 

Replacing Pt and other precious metals in the electrocatalyst formulations would 
represent a major advancement toward commercialization of hiel cells and could 
assure the sustainability of industrial-scale production for a variety of applications. 
At present, the state-of-the-art total Pt load (anode plus cathode) in direct fuel cells 
is typically around 4 mg cm -2 (or higher) and the maximum power output varies 
widely in the range of 10 to 150 mW cm” 2 at 333 K (the lowest values are typically 
for ethanol fuel cells). Reducing either partially or completely the need for Pt and 
other precious metals poses a fundamental challenge in electrocatalysis, where 
breakthroughs of practical significance are very difficult to achieve. Essentially, 
two schools of thought have emerged. One is centered on organometallic 
macrocycle complexes and the other one proposes carbides (e.g., tungsten 
carbides) as replacements for Pt and other precious-metal-based electrocatalyst 
formulations for direct hiel cell anodes. 

The role of organometallic complexes as co-catalysts with Pt for methanol 
electrooxidation was mentioned earlier. Can they also act alone and replace Pt 
completely? For the anodic oxidation of methanol, ethanol, and formic acid, 
studies looking at CO oxidation by various porphyrin complexes with Ir, Rh, and 
Co in aqueous electrolytes (both acid and alkaline) are relevant [90, 203, 204]. The 
mechanism proposed by Shi and Anson for the activity Co-octaethylporphyrin 
considers the oxidation of Co(II) to Co(III) in conjunction with coordination of CO 
to the Co(III) centres, followed by nucleophilic H 2 0 attack leading to catalytic 
oxidation forming C0 2 (see Equations 4.15-4.18) [90]. 
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There have been no follow up studies on the activity of Co-octaethylporphyrin 
for electrooxidation of methanol, ethanol, or formic acid. Mukheijee et al. 
investigated pyrolized Co and Fe tetraphenylporphyrins and reported that the 
macrocycle N 4 centre together with the metal and metal oxide nanocrystallites 
played a role in electrocatalysis [205]. 

In alkaline media Ni macrocyle complexes showed some degree of activity 
toward the electrooxidation of alcohols. Trevin et al. synthesized 
electropolymerized Ni macrocycle films on vitreous carbon and indium tin oxide 
electrodes [206]. For the poly NiSalen film (Salen = bis(salicylidine) 
ethylenediamine), obtained by successive cycling between 0 and 1 V vs. SSCE in a 
solution composed of 0.1 M NaOH and 2 mM Ni-Salen, Figure 4.40 indicates that 
there was a correlation between the ethanol concentration, Ni surface concentration 
( r Ni ), and catalytic ethanol oxidation current. In order to achieve high catalytic 
oxidation currents, the ethanol to r Ni ratio had to be less than about 0.5><10 6 cm 2 
L 1 [206]. Thus, low ethanol concentration in combination with high Ni-Salen 
loading could assure efficient oxidation. The explored ethanol concentrations were 
below 2.5 mM, hence, micro-direct fuel cell applications might be feasible based 
on the available information. The methanol and ethanol oxidation onset potentials 
in 0.1 M NaOH were about 0.45-0.5 V vs. SSCE. 
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Figure 4.40. Ethanol oxidation currents (at 0.65 V vs. SSCE) on poly-NiSalen films 
deposited on vitreous carbon. The effect of ethanol concentration and NiSalen surface 
coverage T Ni (mol cm -2 ): a) 0.9xl0 -9 ; b) 1.8x 10 9 ; c) 4.75xl0 -9 ; d) 6.2xl0 -9 . 0.1 M NaOH, 
293 K [206], (Trevin S, Bedioui F, Villegas MGG, Charreton-Bied C. Electropolymerized 
nickel macrocycle complex-based films: design and electrocatalytic application. J Mater 
Chem 1997;7:923-8. Reproduced by pennission of The Royal Society of Chemistry.) 
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Ciszevski and Milczarek reported roughly similar oxidation onset potentials for 
methanol and ethanol in 0.1 M NaOH using Ni(II) tetrakis(3-methoxy-4- 
hydroxyphenyl) porphyrin film (poly-NiTMHPP). However, they explored 
catalytic oxidations up to 0.5 M methanol concentration [207]. Since the alcohol 
electrooxidation occurs at potentials more positive than the redox potential of 
Ni(III)/Ni(II) (i.e., Ni(III) is the electrocatalytically active form), a direction to 
improve the performance would be to find macrocycles that negatively shift the 
Ni(III)/Ni(II) potential. Another variant would be to develop mixed macrocycle 
catalysts by incorporating elements that promote OH ad formation, since on Ni 
polymer films the methanol oxidation was strongly dependent on the OH“ 
concentration [207]. 
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Figure 4.41. Cyclic voltammogram of W 2 C and WC films supported on carbon paper in 0.5 
M H 2 S0 4 saturated with N 2 [210], (Reproduced from Catalysis Today, 99(3-4), Zellner MB, 
Chen JG, Surface science and electrochemical studies of WC and W 2 C PVD films as 
potential electrocatalysts, 299-307, 2005, with pennission from Elsevier.) 


The other approach for the development of more economical non-noble metal 
electrocatalysts focuses on carbides, particularly tungsten carbides (WC and W 2 C). 
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The interest in these compounds stems from the idea that they posses Pt-like 
electronic behavior in catalytic reactions, which theoretically could make them 
attractive candidates as catalysts for direct liquid fuel cells [208, 209]. One of the 
first issues to be considered, however, is the stability of these materials under 
anodic conditions. Zellner and Chen recorded the cyclic voltammograms of WC 
and W 2 C deposited on carbon paper in 0.5 M H 2 S0 4 (Figure 4.41) [210]. WC was 
stable up to 0.6 V vs. SFIE while W 2 C was susceptible to oxidation forming W x O y 
starting from about 0 V and giving a peak at 0.5 V vs. SFIE. 

Furthermore, surface studies on WC have shown the possibility of methanol 
and water adsorption, both essential to methanol electrooxidation catalysis [210- 
212]. It must be noted, however, that these studies were not conducted under 
electrode polarization conditions but in ultra high vacuum chamber. 
Electrochemical polarization experiments in which methanol was present were not 
given. 

Arguably the most detailed electrochemical studies on tungsten and double 
carbides (e.g., with Mo) were performed by Kawamura et al. [213-215]. Tungsten 
carbide (WC) itself showed weak activity toward CH 3 OH electrooxidation (Figure 
4.42). However, the carburization period, addition of Mo as a co-element in the 
carbide, and oxidative pre-treatment in 0 2 and boiling water followed by alkaline 
treatment of the carbide samples all contributed to yield an up to ten-fold increase 
in the mass specific activity for methanol oxidation at 0.5 V vs. RHE (Figure 4.43) 
[213-215]. The role of the oxidative and alkaline treatments was to remove surface 
carbon formed during the preparation method and to create oxide sites that were 
active in electrocatalysis. Methanol oxidation polarization curves as a function of 
temperature with (Wo.sMooJC are shown in Figure 4.44. It is important to note 
that the mixed Wo,sMoo, 2 C catalyst did not deactivate and experiments were carried 
out at high (up to 8 M) methanol concentration. 



Figure 4.42. Chronoamperometry curves of CH 3 OH oxidation oil WC. Arrow indicates 
addition of methanol, numbers represent the number of runs. Conditions: 323 K, 0.5 V RH e, 1 
M H 2 S0 4 , 4 M CH 3 OH [213], (Reproduced by permission of ECS—The Electrochemical 
Society, from Kawamura G, Okamoto H, Ishikawa A, Kudo T. Tungsten molybdenum 
carbide for electrocatalytic oxidation of methanol.) 
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Figure 4.43. Effect of Mo content (atomic percentage) on the methanol oxidation activity of 
(W,Mo)C. Legend: • catalyst subjected to alkaline treatment, o catalyst without alkaline 
treatment. Conditions: 323 K, 0.5 Vrhe, 1 M EESO 4 , 4 M CH3OH [213], (Reproduced by 
permission of ECS—The Electrochemical Society, from Kawamura G, Okamoto H, 
Ishikawa A, Kudo T. Tungsten molybdenum carbide for electrocatalytic oxidation of 
methanol.) 



Figure 4.44. Anodic polarization curves of CH3OH on W 0 . 8 M 00 . 2 C catalyst as a function of 
temperature. Catalyst load: 0.2 g cirf 2 , 4 M CIT3OEI and 1 M EESO4 [213], (Reproduced by 
permission of ECS—The Electrochemical Society, from Kawamura G, Okamoto El, 
Ishikawa A, Kudo T. Tungsten molybdenum carbide for electrocatalytic oxidation of 
methanol.) 

Since the 1987 papers by Kawamura et al., it is surprising that the promising 
results with double carbides, (W, Mo)C, were not followed up in later studies. 
Recently, Li et al. developed a preparation method for WC-carbon nanotube 
composites [216]. This new material, with WC nanoparticles (200 nm diameter) 
well-dispersed on the outside of carbon nanotubes, should be tested for methanol 
oxidation. 
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In the context of a microbial fuel cell, WC was investigated as anodic catalyst 
for the oxidation of hydrogen, formate, ethanol, and lactate formed as fermentation 
products at pH 5, 293 K, and atmospheric pressure [217]. The WC anode was 
found to be inactive toward ethanol oxidation. Figure 4.45 shows the cyclic 
voltammogram of formate and lactate on WC deposited on graphite foil electrode. 
In both cases enhanced oxidation starts at around 100 mV vs. SSCE, indicating 
significant surface overpotential. Nevertheless, there is promise for the use of 
inexpensive WC (or in modified variants with other elements) as electrocatalyst for 
formate (or formic acid) based fuel cells targeting micro-scale applications. 
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Figure 4.45. Cyclic voltammogram of 1 M formate (A) and lactate (B) on WC/graphite foil 
electrode at pH 5 in 0.1 M KC1 at 293 K. Catalyst load: 20 mg cuf 2 . The electrode potential 
is given vs. Ag/AgCl (SSCE.) Inset figures show the current density measured at 0.2 V vs. 
SSCE as a function of anolyte concentration [217]. Dashed curve = blank electrolyte, solid 
curve = electrolyte with formate (A) or lactate (B). (Reproduced from Applied Catalysis B: 
Environmental, 74(3-4), Rosenbaum M, Zhao F, Quaas M, Wulff H, Schroder U, Scholz F, 
Evaluation of catalytic properties of tungsten carbide for the anode of microbial fuel cells, 
261-9, 2007, with permission from Elsevier.) 
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4.3 Advances in Anode Catalyst Layer Engineering: Example 
Analysis 

The electrode performance in any electrochemical system depends on the complex 
interaction between intrinsic kinetics and various transport processes involving 
reactants, products, and the electrolyte. In the particular case of direct fuel cells, 
the catalyst support (when employed), the hydrophobic-hydrophilic properties of 
the diffusion substrate, the ionomer load in the catalyst layer, and the electrode 
design, including the current collector, all have a great impact on the power output. 
The goal in the present section is to give an overview of the experimental advances 
in the area of catalyst layer engineering and anode structures. 

4.3.1 Engineering of the Catalyst Surface and Morphology 

In addition to improvements in the intrinsic electrocatalytic activity, research has 
been carried out to modify (“design”, possibly) the catalyst surface in order to 
enhance the catalyst utilization efficiency and ultimately the fuel oxidation 
superficial current density. The latter can be expressed in terms of catalyst layer 
physico-chemical properties as [218]: 


i 



= y ■ a 

/ c m 


T 



(4.36) 


where a v is the volume specific total catalyst surface area (m 2 tota i mgeom), a m is the 
total catalyst surface area per unit weight (referred to as the mass specific surface 
area (m 2 tota | g ')), i, is the local current density (A irf 2 eff ), m, is the catalyst load (g 
irf 2 g eom), y c is the catalyst utilization efficiency reflecting the effective area 
participating in the electrochemical reaction (m 2 e ff m 2 t0Ul |), and r is the 
electroactive reaction zone (or catalyst layer) thickness (m ge om). Note that r may or 
may not be equal to the physical thickness of the catalyst layer, depending on the 
reactant penetration depth [146] and the availability of the ionic conductor network 
linking the catalytic sites. 

The local current density i x is expressed by various electrode polarization 
scenarios, such as intrinsic kinetic control, or mixed control involving intrinsic 
electrode kinetics together with reactant mass transfer and/or ionic conductivity 
effects, leading to multiple apparent Tafel slopes [146]. 

Thus, in terms of Equation 4.36, modifying a m , y„ and r could significantly 
increase the superficial current density i for a given catalyts load m, and electrode 
polarization condition (i.e., overpotential). 

Regrading the catalyst particle geometiy, while nanoparticles are commonly 
described by the cubo-octahedral model [219], recently Tian et al. developed an 
electrochemical method for the surface “design” of tetrahexahedral Pt nanocrystals 
(Figure 4.46) [220]. A square wave potential function (between -0.20 V vs. SCE 
and +1.20 V vs. SCE with a frequency of 10 Hz) was applied to electrodeposited Pt 



Electrocatalytic Oxidation of Methanol, Ethanol and Formic Acid 231 


nanospheres (of 750 nm diameter, supported on glassy carbon) to induce surface 
reshaping and preferential crystal face formation [ 220 - 222 ]. 



Figure 4.46. (A) Schematic of the tetrahexahedral Pt surface geometry fonnation by 
applying square-wave voltammetry. (B), (C), (D), and (F) are low- and high-magnification 
SEM images, and (E) is a conceptual model of the tetrahexahedral Pt [220], (Reproduced 
with pennission from Tian N, Zhou Z-Y, Sun S-G, Ding Y, Wang ZL. Synthesis of 
tetrahexahedral platinum nanocrystals with high-index facets and high electrooxidation 
activity. Science 2007;316:732-5.) 

A preliminary investigation of the electrocatalytic activity showed that Pt 
tetrahexahedral particles exhibited enhanced activities on a surface area basis 
toward both HCOOH and C 2 H 5 OH electrooxidation when compared to either Pt 
nanospheres or commercial Pt/C (E-TEK Inc.) catalyst [220]. Figure 4.47 shows 
chronoamperometry curves recorded in the case of formic acid and ethanol, 
respectively. However, since the particle sizes were fairly large (in the order of ~80 
nm) the mass specific activity of the tetrahexahedral catalyst was not satisfactory 
and further research must be performed to reduce the particle size. Unfortunately, 
the paper by Tian et al. omitted to report the catalys load [220]. 

Gonzalez and co-workers provided other evidence for the catalyst morphology 
effect on direct fuel cell polarization behavior [223]. Their objective was to 
compare Pt-Ru catalysts of the same particle size but with different morphology, 
imparted by the various preparation methods based on formic acid reduction. For a 
narrow particle size range distribution (3.8-4 .8 nm diameter) the catalysts with 
more homogeneous Ru deposits on the surface gave higher power outputs for the 
DMFC [223], 
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Figure 4.47. Effect of Pt surface reshaping by square wave voltammetry oil the 
electrocatalytic activity toward formic acid and ethanol oxidation, a) Formic acid oxidation 
at 0.25 V vs. SCE in 0.25 M HCOOH - 0.5 M H 2 S0 4 . b) Ethanol oxidation at 0.3 V vs. SCE 
in 0.1 M EtOH - 0.1 M HC10 4 ; 295 K [220], (Reproduced with permission from Tian N, 
Zhou Z-Y, Sun S-G, Ding Y, Wang ZL. Synthesis of tetrahexahedral platinum nanocrystals 
with high-index facets and high electro-oxidation activity. Science 2007;316:732-5.) 

The structural sensitivity of electrode reactions such as oxygen reduction and 
oxidation of organic molecules is well known. This is brought about by the particle 
size dependence of various physico-chemical factors such as heats of adsorption, 
Fermi level density of states, electron binding energies in the catalyst, and selective 
surface segregation in the case of multi-component catalysts [224-229]. 

Weaver et al. published an authoritative study comparing the particle-size 
dependence of the rates of methanol, formic acid, and formaldehyde 
electrooxidations on Pt/C catalysts with diameters between approximately 2-8 nm 
[230]. Using cyclic voltammetry and two different concentrations of species (10 
mM and 0.1 M) it was found that the HCOOFI and CFI 3 OFI oxidation rates had 
opposite trends with respect to particle size. In the case of HCOOH the effective 
oxidation current densities increased with a decrease of Pt particle size, in the 
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order: I (2 nm) > I (8.8 nm) > I (flat polycrystalline electrode). For CH 3 OH, on the 
other hand, the opposite was true, namely, the effective oxidation current densities 
increased with an increase of particle size: I (flat polycrystalline electrode) > I (8.8 
nm) > I (2.2 nm) [230]. It must be noted that the current densities were expressed 
in terms of the effective Pt surface area, therefore the changes in catalyst particle 
size reflected intrinsic electrode kinetic differences. 

Weaver and co-workers explained the particle size effect in terms of an 
ensemble effect related to surface morphology [230]. For Pt nanoparticles of 
diameter < 4 nm it was experimentally determined [231] that the fraction of flat 
terrace sites diminished considerably as compared to edge sites. Therefore, the 
probability of ensemble of active site formation situated on the terraces and needed 
for methanol dehydrogenation (especially for the removal of the first three 
hydrogen atoms) is lower for particles with diameters below 4 nm. It was estimated 
that the 2.5 nm diameter particle has an approximately five times lower availability 
of adjacent Pt atoms compared to the 8.8 nm diameter particle [230]. In the case of 
formic acid oxidation, on the other hand, it was proposed that Pt ensembles are not 
required for catalysis. Interestingly, the CO ai j surface coverage decreased with 
particle size for both CH 3 OH and HCOOH. 

The group of Wieckowski and Masel confirmed for the case of unsupported Pd 
nanoparticles that the smaller the particle size the higher the electrocatalytic 
activity toward HCOOH oxidation [232]. They investigated particles of 9 to 40 nm 
diameter subjected to cyclic voltammetry and chronoamperometry. Based on XPS 
results it was reasoned that the smaller the particle, the greater the shift of the d- 
electron band center, resulting in a decrease in the heat of adsorption of the formate 
intermediate, hence facilitating the oxidation reaction [232]. 

Regarding ethanol oxidation, studies of thermochemical oxidative ethanol 
dehydrogenation at 303 K revealed structure sensitivity for Pt particle sizes lower 
than 2 nm. The turnover frequency decreased by a factor of two when the particle 
size decreased from 2 nm to 1.5 nm [233]. In the case of electrocatalytic ethanol 
oxidation the experimental evidence is less clear. However, due to the nature of the 
reaction, involving potentially C-C bond dissociation, structure sensitivity is 
expected to occur. More studies are required, aimed at clarifying the structure 
sensitivity of ethanol electrooxidation. 

Indirect evidence could be inferred from the study by Colmenares et al. 
comparing Pt/C, PtRu/C, and PtSn(3:l)/C commercial electrocatalysts of 3-4 nm 
diameter with catalysts of identical composition but prepared by a polyol method 
yielding smaller particle sizes, between 2-3 nm [234]. The intrinsic electrocatalytic 
activity for ethanol oxidation, evaluated from Tafel plots, was generally superior 
for the larger (i.e., commercial E-TEK Inc.) catalyst particle sizes. This was 
tentatively attributed to the lower degree of alloying in the case of small 
nanoparticles produced by the polyol method [234], which is in line with the 
established particle size sensitivity of alloy segregation [227]. Moreover, the less 
alloyed polyol-type catalysts produced a higher fraction of acetic acid as oxidation 
product, while for the larger catalyst particle sizes acetaldehyde was the major 
product. Whether other particle-size-related factors contributed as well to the 
electrocatalytic differences between the commercial and polyol-produced catalysts 
was not discussed in this work. 
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On large ~0.8 pm diameter PtSn particles ethanol was oxidized mainly to acetic 
acid [235]. Structure sensitivity of ethanol and acetaldehyde electrooxidation was 
also implied in experiments using Au nanoparticles where the electrocatalytic 
activity per real surface area increased with an increase in particle diameter [236]. 

In addition to nanoparticles, other precious metal catalyst structures have been 
investigated such as mesoporous nanostructured layers. In a series of publications 
Attard, Elliott, Bartlett, and co-workers described the formation of mesoporous Pt 
and PtRu films by lyotropic liquid crystalline phase templated electroless or 
electrochemical (faradaic) deposition [237-243]. Using non-ionic surfactants (e.g., 
polyethylene glycols such as Ci 2 EO s , Ci 6 E0 8 , and Ci 8 EOi 0 ) at concentrations 
above 30 wt% in order to assure the formation of a homogeneous liquid crystalline 
phase, the surfactant molecular aggregates in the bulk electrolyte could serve as 
templates for nanostructured deposition of metal ions from the interstitial spaces. 



c) d) 

Figure 4.48. Liquid crystal templated catalyst synthesis: a) Conceptual representation of 
11011 -ionic surfactant aggregation forming a hexagonal liquid crystalline phase, b) expected 
nanostructured catalyst layer formed by either electroless or electrochemical deposition after 
removal of the template, c) SEM image of the Pt catalyst layer obtained in practice, and d) 
microstructure of the Pt catalyst layer (TEM image) [240, 242], (Images (a) and (b) 
reprinted with permission from Chem Mater 1999;11:3602-9. Copyright 1999 American 
Chemical Society. Images (c) and (d) reprinted with permission from Attard GS, Goltner 
CG, Cirker JM, Henke S, Templer RH. Liquid-crystal templates for nanostructured metals. 
Angew Chem Int Ed Engl 1997;36:1315-7. ©1997 German Chemical Society.) 



Electrocatalytic Oxidation of Methanol, Ethanol and Formic Acid 235 


Figure 4.48(a) and (b) show an idealized schematic of the hexagonal 3D 
template and the expected nanoporous catalyst film on a solid support [242]. 
Following the deposition process, the templating surfactant can be removed by 
successive washing steps and possibly heat treatment. For the reduction of the 
metal ions a variety of techniques were used, such as electroless deposition using 
hydrazine, sodium borohydride, formaldehyde, Fe, or hydrogenation under 
pressure, and potentiostatic electrodeposition of Pt between +0.1 V vs. SCE and 
-0.4 V vs. SCE. Figure 4.48(c) and (d) present the resulting Pt catalyst macro- 
figure 4.48(c)) and microstructures (Figure 4.48(d)) using hydrazine as the 
reducing agent [240]. Catalyst particles of 90-500 nm in diameter were formed, 
with the hexagonal porous nanostructure having a ~3 nm pore diameter. 

The pore diameter and consequently the specific surface area of the catalyst 
film can be controlled by the selection of the surfactant (i.e., shorter or longer 
chains) and the use of swelling additives (e.g., heptane). For instance, for the 
electrodeposition of Pt from FFPtCU the pore diameters of the films were ~1.8 nm 
using Ci 2 EOs, -2.5 nm for Ci 6 EO s , and -4 nm with Ci 6 E0 8 , n-heptane (1:1 molar 
ratio) added as a swelling agent [242]. 

Yamauchi et al. developed a modified version of liquid crystalline templation 
where liquid crystallinity appears progressively during ethanol solvent evaporation. 
This technique was used for the templated potentiostatic electrodeposition at 
-0.144 V vs. SCE of 50-800 nm PtRu particles with internal mesochannels [244], 

Jiang and Kucernak explored the potential for electrocatalysis of liquid crystal 
templated mesoporous Pt and PtRu nanostructures (supported typically on Au) 
with respect to the electrooxidation of CO, CH 3 OH [245-247], and FICOOFI [248]. 
The mesoporous Pt film showed enhanced tolerance toward CO poisoning at 
potentials below 0.5 V vs. RFIE compared to a commercial Johnson Matthey 
catalyst. In half-cell experiments a mass specific activity on Pt of 20 A g" 1 was 
reported in 1 M CH 3 OH and 0.5 M H 2 S0 4 at 0.55 V vs. RHE and 338 K [245, 
246]. Three factors related to catalyst morpohology were proposed in order to 
explain the enhanced catalytic activity of the mesoporous Pt: a) improved H 2 0 
activation, b) higher proportion of crystallographic faces that favor methanol 
electrooxidation, and c) acceleration of the parallel (non-CO) pathway [245]. 

By employing mesoporous PtRu prepared by liquid crystal templated reduction, 
the mass specific activity more than doubled compared to pure Pt [247]. The 
highest mass-specific activities (about 43 A g -1 at 0.38 V vs. RHE and 333 K) were 
obtained at CH 3 OH concentrations between 1 and 2 M (Figure 4.49). Further 
increase of the methanol concentration was detrimental for the electrode kinetics 
(as discussed earlier). 

In the case of HCOOH electrooxidation, the Pt mesoporous film with pore 
diameters between 1.8-2.5 nm and specific surface area of 60 m 2 g -1 showed 
promising electrocatalytic activity, with a maximum mass specific activity of 8.6 A 
g _1 obtained for 1 M HCOOH (at 0.38 V RH e and 333 K) [248]. It must be noted that 
the liquid crystal templated mesoporous Pt films prepared by Jiang and Kucernak 
were not investigated in direct CH 3 OH or HCOOH fuel cells. The reason might be 
that the mesoporous films were supported on flat Au substrates, which are not 
suitable as fuel cell electrodes. Bauer et al. developed a technique for non-ionic 
surfactant-assisted electrodeposition of PtRu on graphite fiber matrix acting as a 
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three-dimensional electrode and investigated its applicability as a novel anode in 
direct methanol fuel cells [86, 249, 250]. This work is more extensively reviewed 
in Section 4.3.2.4. 
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Figure 4.49. Electrocatalytic activity of mesoporous PtRu as a function of CH 3 OH 
concentration. Catalyst film prepared by liquid crystal (surfactant CigEOg) templated 
reduction using Zn. Electrode potential: 0.38 Vvs. REIE, 333 K. Data taken after 900 s of 
polarization [247]. (Reproduced from Journal of Electroanalytical Chemistry, 543(2), Jiang 
J, Kucernak A, Electrooxidation of small organic molecules on mesoporous precious metal 
catalysts: II: CO and methanol on platinum-ruthenium alloy, 187-99, 2003, with permission 
from Elsevier.) 

4.3.2 The Catalytic Interface: Catalyst/Support/Ionomer Interaction 

In addition to studies focusing exclusively on the catalyst surface, the catalyst 
support (when employed) can play a major role in enhacing the activity/selectivity 
via morphologic, electronic, and physico-chemical effects. These factors have been 
extensively explored in the case of thermochemical heterogeneous reactions where 
a variety of compounds and structures have been successfully used on an industrial 
scale as catalyst supports (e.g., oxides, sulfides, meso- and microporous materials 
(molecular sieves), polymers, carbons [251-256]). In electrocatalysis, on the other 
hand, the practical choice of support in gas diffusion electrodes has been largely 
limited thus far to carbon black particles. The high electronic conductivity 
requirement, combined with electrochemical stability and cost effectivness, 
imposes serious restrictions on the type of materials that could be employed as 
supports in electrocatalysis. 
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4.3.2.1 Carbon Particle Supported and Unsupported Catalyst Layers for Direct 
Fuel Cell Anodes 

An important question to be addressed is whether carbon particle supported or 
unsupported catalysts are preferable for direct methanol, ethanol, and formic acid 
fuel cell anodes. Note that “unsupported catalyst” here refers to the case when the 
precious metal catalyst particles are applied directly onto the membrane without 
the presence of carbon particles (i.e., unsupported catalyst coated membrane). 

A major reason for using carbon particle support is to increase the catalyst 
dispersion and the electrochemically active specific surface area, which is a 
function of the three-phase interfacial structure composed of 
catalyst/ionomer/support. Furthermore, based on the pore size distribution and the 
hydrophobic-hydrophilic balance of the carbon surface, the support can influence 
the two-phase transport of species to and from the catalytically active sites. 

Additionally, from an economic point of view, since the precious metal catalyst 
load on the anode is high in direct fuel cells (typically > 1 mg cm -2 ), catalyst 
recovery and recycling will be of utmost importance for the commercial viability 
of these power sources. In this context, research from Degussa AG has shown that 
the procedure of precious metal catalyst recovery is generally made easier by the 
use of carbon support, since it can be burnt off followed by efficient metal 
recovery from the ashes [252]. 

A number of reviews have been published on the properties of various carbons 
and their application in electrochemical systems, including fuel cell catalyst 
supports [257-261]. Therefore, more general aspects related to carbon properties 
will not be discussed here. The objective of the present section is to focus 
exclusively on the carbon particle support-catalyst interaction for direct fuel cell 
anodes. 

Takasu et al. compared seven different carbon black supports for PtRu and 
evaluated their impact on methanol electrooxidation [262]. The supports ranged in 
BET surface area from 29 m 2 g -1 (carbon black type Mitsubishi 3030B) to 233 m 2 
g -1 (Vulcan XC72R) and 802 m 2 g -1 (Ketjen EC), respectively. It was found that 
the PtRu (1:1 atomic ratio) catalyst surface area generally increased with the 
surface area of the support for the same catalyst preparation method, e.g., supports 
of ~200 m 2 g -1 gave PtRu areas (determined by CO ai j stripping voltammetry) of 
45-57 m 2 g - , while the area of PtRu supported on Ketjen EC was ~70 m 2 g -1 
[262], Thus, it has been confirmed that the specific surface area of the support 
affects the PtRu catalyst particle size and surface distribution. The intrinsic 
catalytic activity toward CH3OH electrooxidation (expressed as the anodic current 
per real PtRu surface area, A m -2 PtRu , measured at 0.5 V vs. RHE) showed a 
maximum for supports of ~200 m 2 g -1 (i.e., Vulcan XC72). The optimum catalyst 
diameter for methanol oxidation was about 4 nm (Figure 4.50). 

Interestingly, the degree of PtRu alloying was also a function of the specific 
area and type of the support. Namely, the smaller the PtRu particles (formed on the 
supports with large areas), the lower the extent of alloying [262]. 
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Figure 4.50. Dependence of the specific activity for methanol oxidation on the mean PtRu 
(1:1 atomic ratio) particle size supported on various carbon powders. A Vulcan XC72, • 
Mitsubishi, ♦ Ketjen EC. The numbers next to each symbol indicate the catalyst mass 
loading in g PtRu nT 2 carbon . 333 K, 0.5 V vs. RHE, 1 M CH 3 OH - 0.5 M H 2 S0 4 [262], 
(Reproduced from Electrochimica Acta, 48(25-26), Takasu Y, Kawaguchi T, Sugimoto W, 
Murakami Y, Effects of the surface area of carbon support on the characteristics of highly- 
dispersed Pt-Ru particles as catalysts for methanol oxidation, 3861-8, 2003, with permission 
from Elsevier.) 

In addition to the effect of support on the catalyst dispersion, the interaction 
with the ionomer (Nation') is crucial for the electrochemical performance of the 
catalyst layer in the fuel cell. Catalyst nanoparticles that are isolated from the 
ionomer network are electrochemically inactive. Furthermore, the distribution of 
the ionomer will affect the ohmic resistance and the mass transport of the reactants 
and/or products in the catalyst layer. Hence, the interface between the 
catalyst/support/ionomer will influence the overall polarization behavior of the 
anode. 

Mastragostino et al. investigated composites of Nafion and carbon black 
supports from the point of view of specific capacitance, electric resistance, and 
accessible surface area (calculated as the Nafion-covered fraction of the total 
support BET surface area) [263], The carbon-to-Nafion weight ratio was 13.3:1 
(i.e., 2:1 weight ratio of carbon-to-Nafion 5 wt% soln.). In this work carbon 
supports were selected with BET specific surface areas between 254 m 2 g 1 
(Vulcan XC72) and 2130 m 2 g“‘ (PICAFLOW HP-120). For a given Nafion 
loading, the accessible specific surface area was only 3 to 50% of the total BET 
surface area of the support. Interestingly, two supports of comparable BET surface 
area, Vulcan XC72 (254 m 2 g -1 ) and Timrex HSAG300M-291 (313 m 2 g -1 ), gave 
very different Nafion accessible specific surface area ratios, 15 and 50%, 
respectively [263]. 




Electrocatalytic Oxidation of Methanol, Ethanol and Formic Acid 239 


Thus, not only the carbon surface area but also the carbon surface physico¬ 
chemical properties affecting the adhesional wetting and agglomeration of Nation 
micelles (diameter > 40 nm) on the porous carbon surface will determine the 
distribution of the ionomer. The composites with the lowest Nafion accessible 
specific surface areas gave the highest electric resistances. Therefore, the ohmic 
drop across the catalyst layer is implicitly a strong function of surface properties. 
More studies are required to investigate the relationship between carbon surface 
properties and Nafion adhesional wetting. 

In order to evaluate the impact of the Nafion ionomer separately (i.e., without 
carbon support) on the activity of PtRu toward CH 3 OH electrooxidation, Chu et al. 
carried out an ingenious combinatorial study employing a wide range of Pt-Ru- 
Nafion ratios [264]. It was found that the methanol oxidation onset potential and 
the CO ai j desorption potential were a function of the Nafion load. The presence of 
~36 wt% Nafion (the rest being PtRu of 1:1 atomic ratio) was essential in order to 
lower the CH 3 OH oxidation onset potential by about 90 mV [264], The same 36:64 
weight ratio of Nafion content to PtRu catalyst was validated as the best¬ 
performing in direct methanol fuel cell experiments at 383 K. 

However, the study by Arico et al. contradicts this finding, showing that at 363 
K the unsupported PtRu catalyst with 33 wt% Nafion gave much worse 
performance compared to a 15 wt% Nafion load. The operating current density of 
the direct methanol fuel cell at 0.5 V cell voltage was 40 mA cm -2 for 33 wt% 
Nafion and 140 mA cm" 2 for 15 wt% Nafion, respectively [265]. The carbon black 
supported PtRu catalyst, on the other hand, performed better when loaded with 33 
wt% Nafion. Thus, there seemed to be a difference between the required Nafion 
load for supported and unsupported PtRu catalysts. In the case of supported 
catalysts a higher Nafion load was preferable. Furthermore, in the same study 
[265], direct comparison of the power output between supported and unsupported 
catalysts of the same load of 2 mg cm -2 revealed that at temperatures of 363 K and 
403 K the unsupported catalysts gave higher peak power outputs, e.g., 262 mW 
cm 2 (unsupported) vs. 200 mW cm 2 (supported), both with optimized Nafion 
content. It was argued that the better performance of the unsupported catalysts was 
due to a more homogeneous catalyst and Nafion distribution in the catalyst layer, 
facilitating the mass transport of the reacting species. 

On the same topic of DMFC performance with supported vs. unsupported 
catalysts Smotkin and co-workers concluded that at 363 K the supported PtRu (1:1) 
catalyst with a load of 0.46 mg cm' 2 performed as well as an unsupported PtRu 
(1:1) with over four times higher load, i.e., 2 mg cm 2 [266]. It is likely that these 
differences between various studies are related not only to the intrinsic activity of 
the respective anode catalys layers but also to the manufacturing procedures such 
as catalyst layer preparation and application techniques, MEA hot pressing 
conditions (temperature, pressure and time), presence or absence of other binders 
(such as PTFE) and fuel cell compression. All these MEA manufacturing variables 
can affect, in a poorly understood manner at present, the structure, morphology and 
composition of the catalyst layer in the operating fuel cell. Therefore, in fuel cell 
experiments it is difficult to isolate the truly physico-chemical effect of the support 
on the catalytic activity. 
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In another study, Arico et al. also presented a comprehensive physico-chemical 
investigation of the catalyst/support/Nafion interface using a combination of 
techniques such as XPS, XRD, SEM-EDAX, and TEM [267]. A very important 
finding was the identification of large inverted Nation micelles (200 nm diameter) 
in contact with the carbon support (primary carbon particle diameter of 30 nm). 
Thus, the homogeneous distribution of the large Nation micelles and formation of 
a continuous interconnected ionomer network throughout the pores of the carbon 
agglomerates and linking up with the catalyst particles was to a large extent 
impeded [267]. Using a solvent with either a high dielectric constant or high ionic 
strength to dissolve the Nafion before applying it to the catalyst layer formulation 
might reduce the size of inverted micelles, thereby helping to assure a better 
ionomer distribution throughout the catalyst layer. The colloidal and surface 
properties of Nafion necessitate more detailed investigations. 

Recently, Uchida et al. carried out 3D imaging of the catalyst layer using 
electron tomography [268]. To differentiate between Nafion and epoxy resin, the 
Nafion was prepared with Ag + instead of H + , giving a bright image in TEM. In 
order to improve the Nafion penetration in the pores of the carbon support, an 
autoclave treatment was applied involving heating at 473 K in a N 2 atmosphere. 
This treatment reduced the size of the inverted Nafion micelles and enhanced the 
penetration throughout the catalyst layer, forming a better dispersed ionomer 
network, as shown in Figure 4.51 [268]. 



Figure 4.51. 3D reconstructed images of Ag + exchanged Nafion in contact with Pt/C. (A) 
with autoclave treatment, (B) without autoclave treatment [268], (Reproduced with 
permission from J Phys Chem B 2006;110:13319-21. Copyright 2006 American Chemical 
Society.) 


A number of studies looked at the intrinsic electronic interaction between the 
carbon support and the precious metal catalyst in order to determine the potential 
influence on methanol electrooxidation [269, 270]. There seems to be a consensus 
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in the literature that electronic interaction takes place between the carbon support 
and Pt. The binding energy for the 4f Pt energy level was found to be higher for 
small Pt particles and clusters (-71.6 eV) compared to the bulk metal (i.e., 71.1 
eV); furthermore, an additional change has been observed as a function of the 
Pt/carbon support weight ratio. The 4f binding energy of Pt/C was typically lower 
compared to Pt black particles; values in the range of 71.3-71.4 eV were measured 
by XPS [269]. 

Thus, the presence of the carbon support somewhat weakens the 4f electron 
binding in Pt as compared to the unsupported nanocatalyst, making it more 
susceptible for interaction with adsorbed organic molecules. Interestingly, 
temperature was found to impact the electronic interaction between Pt and C 
support [270]. Increasing the heat treatment temperature of carbon-supported Pt 
nanoparticles caused an increase in the 4f binding energy, from 71.3 eV (without 
heating) to 72.2 eV (heating at 673 K for 4 h) [270]. This positive shift of the 
binding energy due to electron donation from Pt to C brought about a substantial 
decrease in electrocatalytic activity toward CH 3 OH oxidation, as indicated by 
cyclic voltammetry [270]. Furthermore, XPS studies consistently showed the 
presence, in addition to Pt°, of higher oxidation states (Pt 2+ and Pt 4+ ) on the 
nanoparticle surface in a proportion of typically less than 30%. 

In the context of direct liquid fuel cell anodes, virtually no attention has been 
devoted to the issue of carbon support degradation. While the anode potential is not 
expected to play a major role since under normal fuel cell operating conditions it is 
low compared to the range in which carbon oxidation can occur (i.e., > 1.2 V vs. 
SHE), the presence of an organic solvent (CH 3 OH, C 2 H 5 OH, and HCOOH) in 
conjunction with temperature could generate, over time, degradation of the carbon 
support catalyzed by Pt nanoparticles. Stevens and Dahn have shown that Pt 
nanoparticles catalyze the combustion of the carbon support at temperatures 
between 398 and 468 K [271], which is further aggravated by high levels of 
humidity [272]. 

4.3.2.2 Nanostructured Carbon Supports 

Since the discovery of carbon nanotubes in the early 1990s [273] there has been 
emerging interest in their applicability as catalyst supports for low-temperature 
PEMFCs. Recently, Lee et al. reviewed the area of Pt electrocatalyst preparation 
techniques using carbon nanotubes and nanofibers as supports [274]. Here, the 
emphasis will be on the impact of novel nanostructured carbon supports (ordered 
mesoporous materials, nanotubes, and nanofibers) on the electrocatalytic activity 
with respect to direct fuel cell anodes. 

Kim et al. synthesized mesoporous carbon xerogels by sol-gel polymerization 
of resorcinol and formaldehyde using colloidal silica particles of 12 nm diameter as 
templates [275]. The main pore size range of the resulting carbon xerogels was 
between about 30-40 nm, and the BET surface areas varied as a function of the 
preparation pH between 321 m 2 g _1 (at pH 1.5) and 654 m 2 g _1 (at pH 9). The PtRu 
nanoparticles synthesized and deposited on the support had diameters between 2.2 
and 2.8 nm (the larger the support surface area, the smaller the catalyst particle 
size). 
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Figure 4.52 shows the DMFC performance as a function of mesoporous xerogel 
(NC) carbon support for PtRu in comparison with an activated carbon (AC) [275]. 
The fuel cells with the NC anode support performed better than those with the AC 
support, in spite of the larger specific surface area of the latter (i.e., 901 m 2 g _1 ). 
Thus, the high degree of microporosity of the activated carbon support was less 
useful for catalyst dispersion as compared to the mesoporous xerogel. 



Current density (mA/cm 2 ) 


Figure 4.52. DMFC performance as a function of PtRu anode catalyst support. NC = 
mesoporous carbon xerogel support. The number indicates the preparation pH. AC = 
activated carbon. Anode PtRu 3 mg cuf 2 . Cathode Pt 4 mg cuf 2 . Temperature 348 K. 
Methanol flow rate 1 ml min -1 , dry oxygen flow rate 500 ml min -1 [275], (Reproduced from 
Journal of Power Sources, 145(2), Kim P, Kim H, Joo JB, Kim W, 2005, with permission 
from Elsevier.) 

Using a similar methodology of silica-templation, Chai et al. produced ordered 
porous carbon supports with a wide range of pore sizes between 10 and 100 nm 
[276]. Figure 4.53 shows SEM images of the various meso- and macroporous 
monolithic carbon supports prepared by silica templating. The highest catalytic 
activity was obtained for the support in which the pore size distribution peaked at 
25 nm diameter with a BET area of 845 m 2 g _1 . Employing 3 mg cm -2 PtRu (1:1 at. 
ratio) supported on the novel mesoporous carbon, the peak power density of 
DMFC was 170 mW cm -2 at 600 mA cm 2 and 343 K, whilst under similar 
conditions the commercial PtRu catalyst (E-TEK Inc.) yielded 115 mW cnf 2 at 
450 mA cm -2 [276]. Pore interconnectivity, structural integrity and specific surface 
area were the main factors that determined the performance of the catalyst 
supports. 
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Figure 4.53. SEM images of meso- and macroporous carbon supports prepared by silica 
templating. Pore diameters: a) 25 tun, b) 68 tun, c) 245 mu, and d) 512 tun [276], (Reprinted 
with permission from J Phys Chem B 2004;108:7074-9. Copyright 2004 American 
Chemical Society.) 

In a different approach to catalyst support, monolithic 3D matrices were 
prepared with multiwalled carbon nanotube (MWCNT) contents between 66 and 
89 wt% (Figure 4.54) [277]. The employed technique consisted of dispersing 
various amounts of MWCNT in chitosan, followed by freezing in liquid N 2 . The 
resulting 3D structure was characterized by high electronic conductivity, namely 
2.5 S cm” 1 for 89 wt% MWCNT content (the rest being chitosan). Therefore, it 
could function as a novel 3D anode substrate replacing the gas diffusion electrode. 
Pt nanoparticles of ~5 nm diameter were deposited onto the MWCNT matrix with 
10 wt% Pt load. Preliminary tests of the electrocatalytic activity showed mass- 
specific anodic currents for methanol oxidation up to 250 mA mg”' Pt at 0.76 V vs. 
SCE [277]. Interestingly, it was proposed that the support also contributes to the 
catalytic function by providing the OH groups necessary for removal of CO a d- 
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Figure 4.54. SEM images of the MWCNT 3D matrices with different MWCNT contents 
(the rest is chitosan). a) 66 wt%, b) 80 wt%, c) 85 wt%, and d) 89 wt% [277]. (Reprinted 
with permission from J Phys Chem C 2007;111:5557-60. Copyright 2007 American 
Chemical Society.) 


The possibility of using carbon nanocoils (CNC) as PtRu catalyst supports for 
the DMFC was successfully explored by Hyeon et al. [278], The carbon nanocoils 
were 5-10 nm thick, forming agglomerates of -100 nm diameter. Comparative 
voltammetry experiments of methanol oxidation carried out with PtRu supported 
on CNC and Vulcan XC72 (1:1 at. ratio, 60 wt% metal, 2.3 nm particle diameter) 
revealed significantly higher anodic currents for the catalyst supported on CNC, 
(e.g., 80 A g -1 at 0.4 Vshe) in conjunction with lower methanol oxidation onset 
potential (Figure 4.55). The enhanced activity was attributed not only to the surface 
area effect but also to the higher crystallinity of the CNC, increasing thereby the 
support electronic conductivity (compared to the amorphous Vulcan XC72) and 
possibly affecting the catalyst-support electronic interaction [278]. DMFC 
experiments with PtRu (2 mg cm -2 ) supported on CNC revealed peak power 
densities of 90 mW cm -2 at 303 K, and 230 mW cm -2 at 333 K, respectively. 
Furthermore, the CNC showed excellent stability in an operating DMFC for up to 
100 h. 
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Figure 4.55. Comparative methanol oxidation voltammogram (V vs. SFIE) using PtRu (1:1) 
supported on carbon nanocoil (CNC), Vulcan XC72, and commercial supported catalyst 
[278]; 298 K. (Flyeon T, Han S, Sung Y-E, Park K-W, Kim Y-W, High-performance direct 
methanol fuel cell electrodes using solid phase synthesized carbon nanocoils, Angewandte 
Chemie International Edition, 2003;42:4352-6. ©2003 Wiley-VCH Verlag GmbH & Co. 
KGaA. Reproduced with permission.) 

Graphitic nanofibers with herringbone structure (for description and 
preparation method see [279]) were also employed as supports for PtRu (1:1) 
[280]. The total metal content was 42 wt% and the catalyst particle size was 6 nm. 
DMFC polarization experiments showed an approximately 50% improvement in 
superficial current density at constant cell voltage for the supported vs. 
unsupported catalyst over the entire polarization curve [280]. 

In spite of promising results using a variety of carbon nanostructures, 
challenges still remain with respect to manufacturing the novel supports, and their 
incorporation into the fuel cell electrode design. Dodelet and co-workers developed 
a method for 3D multiwalled carbon nanotube (MWCNT) network growth directly 
on carbon fiber paper [281] (Figure 4.56). Pt nanoparticles (~3—4 nm diameter) 
were deposited onto the MWCNT/carbon paper composite. The anchoring and 
dispersion of Pt precursors on the carbon nanotubes required surface 
functionalization, which was accomplished by treatment with a silane derivative 
[282]. The electroactive area of the Pt-MWCNT/carbon paper electrode was 
surprisingly lower than that for a commercial Pt gas diffusion electrode of similar 
loading (0.4 mg Pt cm 2 ), 60 m 2 g -1 vs. 100 m 2 g , respectively [282]. This raises 
the possibility of substantial Pt deposition onto the carbon paper instead of the 
MWNT and/or Pt nanoparticle agglomeration due to sponatenous electroless 
deposition. 

Dodelet and co-workers did not employ the Pt-MWCNT/carbon paper as a 
direct liquid fuel cell anode. Flowever, oxygen electroreduction experiments 
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showed that despite the lower active area, the novel electrode performed better 
compared to the commercial gas diffusion design in liquid electrolyte (e.g., H 2 S0 4 
pH 1), where the 3D property of the MWCNT/carbon paper electrode (thickness 
-170-200 pm) is fully utilized, generating an extended reaction zone. 



Figure 4.56. SEM image of carbon MWCNTs grown onto carbon fiber paper. Inset shows 
the high magnification of the MCWNT bundles [281], (Reproduced from Chemical Physics 
Letters, 394(4-6), Sun X, Li R, Stansfield B, Dodelet JP, Desilets S, 3D carbon nanotube 
network based on a hierarchical structure grown on carbon paper backing, 266-79, 2004, 
with permission from Elsevier.) 

Further experimental evidence of enhanced catalyst utilization dispersed on 
carbon nanotube supports has been provided by Wu et al. [283]. These authors 
measured higher double-layer capacitance in 0.5 M H 2 S0 4 for both single and 
multiwalled carbon nanotubes compared to Vulcan XC72 (Figure 4.57(a)). This 
indicates higher concentration of surface functional groups for the nanotubes, 
thereby facilitating enhanced Pt catalyst dispersion and liquid electrolyte 
penetration. As a result of these effects, the methanol oxidation current density in 
0.5 M H 2 S0 4 at 0.45 V S ce was almost three times higher on Pt/MWCNT compared 
to Pt/Vulcan XC72. 

Following up on the possible catalyst support effect, Prabhuram et al. carried 
out a comparative DMFC investigation of PtRu deposited on carbon MWNT and 
Vulcan XC72, respectively [284]. In both cases the supported PtRu catalyst was 
applied onto the gas diffusion layer (carbon cloth). For the same anode catalyst 
load (2.1 mg cm -2 ), composition (Pt:Ru 1:1 atomic ratio), and particle size (—2.7- 
2.8 nm), the multiwalled carbon nanotube-supported anode yielded 35% higher 
DMFC peak power output versus the one using Vulcan XC72. Deactivation 
experiments, however, conducted by chronoamperometry carried out over 3000 
seconds showed a higher degradation rate for Pt/MWCNT, which was attributed to 
the preferential poisoning of Pt(110) formed in higher proportion on the 
multiwalled nanotube support [284]. Thus, it can be inferred that this study 
revealed mainly differences in the crystallographic features of PtRu supported on 
either MWNT or Vulcan XC72 affecting the performance. 
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Figure 4.57. a) Cyclic voltammograms of various carbon supports in 0.5 M H 2 S0 4 at 20 mV 
s _1 : SWNT, MWNT (MWCNT), and Vulcan XC72. b) Methanol oxidation current density 
as a function of time at 0.45 V vs. SCE. Pt load 0.1 mg cnT 2 , 296 K [283], (Reproduced 
from Electrochemistry Communications, 7(12), Wu G, Chen Y-S, Xu B-Q, Remarkable 
support effect of SWNTs in Pt catalyst for methanol electrooxidation, 1237-43, 2005, with 
permission from Elsevier.) 

A few studies also showed the importance of nanotube oxidative pretreatment 
(e.g., in 2.6 M HN0 3 at 130 C for 30 h) for the attachment of Pt particles to the 
surface via surface functional groups such as -COOH, -COH, and -C=0 [285, 
286], 

For ethanol oxidation, Zheng et al. investigated the effect of multiwalled carbon 
nanotubes, carbon black, and activated carbon fiber (ACF) supports on the 
catalytic activity of Pd in alkaline media [287]. It was found that the support had a 
significant influence on performance, with the Pd/MWNT system giving the lowest 
faradaic resistance as determined by electrochemical impedance spectroscopy. It 
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was argued that the support influences the ethanol electrooxidation reaction 
mechanism on Pd and minimizes poison formation. With the MWNT support, a 
stable anode potential response was observed by chronopotentiometry at 1 mA 
cm* 2 for over 250 minutes, indicating diminished electrode poisoning compared to 
both carbon black and activated carbon fiber [287]. 

4.3.23 Inorganic Supports: Oxides, Carbides, and Sulfides 

The interaction of inorganic supports with Pt and other metal catalysts relevant to 
direct liquid fuel cells has started to receive attention. For methanol oxidation in 
alkaline media, vanadium oxide (VO x ) nanotubes were investigated as support for 
Pd catalysts [288]. A major practical advantage of using VO x as opposed to carbon 
nanotubes is its easy synthesis by a hydrothermal process. This involves formation 
of a suspension composed of V 2 0 5 and long-chain amines (e.g., C n H 2n +iNH 2 , n = 
4-22) in ethanol-water mixture, followed by thermal treatment at 180 C [289- 
291]. Figure 4.58 shows a TEM image of typical VO x nanotubes, revealing their 
multiwalled structure. The nanotube lengths were between 0.5-15 pm, with inner 
diameters of 5-50 nm and outer diameters of 15-100 nm [290]. The nanotube 
structure (e.g., wall thickness, inner diameter) can be controlled by the type of 
amine used in its synthesis. Furthermore, the choice of amine could affect the 
stability of the resulting VO x -NT in a manner that is not fully understood at present 
[291]. 


100 nm 


/ 



Figure 4.58. TEM image of multiwall VO x -nanotubes formed with 11 -C 22 EI 45 NH 2 [290], 
(Muhr H-J, Krumeich F, Schonholzer UP, Bieri F, Niederberger M, Gauckler LJ, et al., 
Vanadium oxide nanotubes - a new flexible vanadate nanophase. Advanced Materials 
2000;12:231-4. ©2000 Wiley-VCFI Verlag GmbH & Co. KGaA. Reproduced with 
permission.) 

For electrochemical and surface analytical investigations, the VO x -NTs were 
attached to pyrolitic graphite electrodes with the help of chitosan acting as binder. 
In addition to morphological features, VO x -NTs are very interesting supports due 
to their intrinsic electrochemical (redox) activity involving the V 5 h /V 4+ and V 4 /V :i 
redox couples in conjunction with H 2 0 adsorption on the oxide surface [291]. 
Generally, the interaction of oxide surfaces with H 2 0 leads to changes in surface 
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acid/base behavior, double layer capacitance, and potential as a function of pH 
(Equations 4.37-4.39) [292]. Such modifications of the oxide surface chemistiy 
could profoundly affect the catalyst-support interaction. 
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Regarding the activity of Pd/VO x -NT for methanol oxidation in 0.1 M NaOH, 
preliminary cyclic voltammetry experiments showed oxidation peaks at fairly 
negative potentials (0.07 V vs. SCE and -0.23 V on the anodic and cathodic scans, 
respectively), which, coupled with very good long-term stability of over 400 cycles 
at a rate of 100 mV s -1 , show promise for fuel cell applications [288]. 

MoO x prepared by electrooxidation of layered MoSe 2 was investigated by 
Bolivar et al. as novel support for Pt [293]. Nanoparticles of Pt were 
electrodeposited onto the support by potential cycling between -0.25 and 1.1 V vs. 
SCE for 1 h using a 1 mM K 2 PtCl () solution in 0.5 M H 2 S 04 . It was found by 
voltammetry studies that although the Mo-based support did not increase the 
methanol oxidation current density on Pt, it contributed to prolonging the Pt 
catalytic activity. This was attributed to surface OH lld formation on the Mo sites 
contributing to the oxidation of CO a d, thereby minimizing catalyst poisoning. 

The effect of oxides present on carbon black (Vulcan XC72R) support was also 
investigated in relation to ethanol electrooxidation on both Pt and Pd in 1 M KOH 
[294]. Ce0 2 -C and NiO-C supports were prepared, followed by Pt and Pd 
nanoparticle synthesis and in-situ deposition on the support using the borohydride 
reduction method. Interestingly, while the crystalline lattices were the same 
irrespective of the support type, the catalyst nanoparticle size decreased for both Pt 
and Pd as a function of support, in the order C > C-Ce0 2 > C-NiO. The Pd-based 
catalysts typically were more active toward ethanol electrooxidation in alkaline 
media, but a very important finding was that the presence of NiO considerably 
enhanced the activity of Pd, e.g., the peak current density for ethanol 
electrooxidation increased five times compared to the pure Pd case [294]. The 
optimum NiO content was 0.05 mg cm -2 . Furthermore, Ti0 2 -containing supports 
(carbonized Ti0 2 nanotubes) were effective as well for the promotion of Pd 
catalytic activity [295]. 

Oxide promotion of Pt catalytic activity toward ethanol oxidation was also 
demonstrated using Sn0 2 nanoparticles (~3 nm diameter, synthesized by the 
ethyleneglycol method) [296] and Ru0 2 [297]. Figure 4.59 shows that the DEFC 
peak power output increased eight times with Sn0 2 promotion of Pt. The 
mechanism of Sn0 2 promotion was not investigated. 



250 E. Gyenge 


Additionally, Ni and CuNi supports were also explored for ethanol oxidation in 
alkaline media using PtRu and PtMo catalysts [201, 298]. EDX analysis showed 
that Ni was mostly present in metallic state, with some contribution from an oxide 
layer. The ethanol oxidation current density increased linearly on a logarithmic 
scale with the NaOH concentration (10~ 2 M to 2 M) for both PtRu and PtMo 
supported on CuNi (70:30 wt%) [201]. Unfortunately, no direct comparison was 
performed with carbon-supported catalysts. Thus, the contribution of the support to 
the observed electrocatalytic effect could not be assessed. PtMo had a higher initial 
activity; however, after about 200 minutes its activity dropped below that of PtRu. 
Anodes with PtRu atomic ratios between 1.1:1 and 2.1:1 supported on Ni gave the 
lowest Tafel slopes for ethanol oxidation [298]. 



Current Density (mA cm *) 

Figure 4.59. Effect of Sn0 2 lianoparticle promotion oil Pt activity toward ethanol 
electrooxidation in a DEFC; 363 K; 1 M ethanol; flow rate 1 mL min -1 . Anode: PtSn0 2 /C 
1.5 mg of Pt cm -2 , Sn0 2 load not specified in the original source. Cathode: Pt/C, 1 mg cm -2 , 
0 2 pressure 0.2 MPa(abs). 0 2 flow rate not specified in the original source [296], (Reprinted 
with pennission from J Phys Chem B 2005;109:8774-8. Copyright 2005 American 
Chemical Society.) 

The promotion of formic acid electrooxidation on Pt and Pd by Sb0 2 , Sn0 2 , 
Ir0 2 , Zr0 2 , Ce0 2 , Ti0 2 , and their combinations has been recently investigated 
[299]. The oxides were employed as composite supports together with carbon 
black (Vulcan XC72R). Figure 4.60 shows the oxide effect on the FICOOF1 
oxidation voltammograms expressed in terms of catalyst mass-specific activity. In 
the case of Pd catalyst, Ce0 2 and Zr0 2 were the only ones that enhanced the 
HCOOFI oxidation mass-specific activity, while on Pt the highest activity was 
obtained with the Sb 2 0 5 -Sn0 2 mixture, followed by Ce0 2 . It was proposed that the 
oxide support provides local oxygen species assisting the oxidation of the surface 
poison on the catalyst surface. In the case of Ce0 2 the existence of labile surface 
oxygen, high oxygen defect mobility, and the facile Ce(IV)/Ce(III) redox shuttle 
might all contribute to the promotion of FICOOH oxidation. These effects are 
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particularly intensified on ceria nanoparticle (e.g., ~6 nm diameter) surfaces and 
were extensively discussed in relation to CO oxidation catalyzed by CeCE [300]. 
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Figure 4.60. The effect of metal oxide-carbon black (Vulcan XC72R) composite (85:15 
wt%) support on F1COOF1 oxidation, (a) Pd catalyst and (b) Pt catalyst. 1 M F1COOH - 1 M 
H 2 S0 4 , 5 mV s 298 K [299], 
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Chen et al. employed a mesoporous silica framework (hexagonal SBA-15 
molecular sieve, average pore diameter 26 nm, BET surface area 910 m 2 g -1 ) as Pt 
support for methanol oxidation [301]. The catalyst was synthesized by 
impregnation of K 2 PtCl(, onto the SBA-15 followed by application of the 
suspension on a glassy carbon (GC) substrate and electroreduction of Pt(IV) by 
potential cycling between 0.1 and -0.25 V vs. SHE. Using CO purged in 0.1 M 
H 2 SO 4 , the onset potential for CO a d oxidation was remarkably 0.4 V lower than 
that on unsupported polycrystalline Pt. Two reasons were put forward: i) the 
presence of Si-OH in the meso-size channels of SBA-15 contributing to the 
oxidation of CO a[ j and ii) efficient diffusion of C0 2 away from the catalytic sites. 
The latter is an advantage for mesoporous molecular sieves compared to the 
microporous zeolites. For methanol oxidation, the onset potential on Pt-SBA15/GC 
was more positive by 0.20 V compared to Pt/Au, indicating clearly that the 
interaction between the molecular sieve and Pt facilitates the electrooxidation 
reaction [301]. These promising preliminary results of the Pt-mesoporous system 
must be followed up with thorough investigations by electrochemical/surface 
science techniques and fuel cell tests. 

In order to address the protonic conductivity of the catalyst layer in conjunction 
with the support effect, hydrous ruthenium oxide was evaluated as support for Pt 
[302]. Ru0 2 »xH 2 0 is a mixed electronic-protonic conductor, the latter being 
generated by the water adsorbed in the grain boundary regions. 



Figure 4.61. Polarization curve for a direct methanol fuel cell, comparing 
Pt/Ru02»xH 2 0/Vulcan XC72R (-■-) and unsupported PtRu black (- 0 -). Anode catalyst load: 
2.3 mg cuf 2 . Cathode: 4 mg cnT 2 Pt black. Membrane: Nafion NE-105. 323 K. 1 M 
methanol at 6 ml mhT 1 and air at 500 ml miiT 1 (STP) [302]. (Scheiba F, Scholz M, Cao L, 
Schafranek R, Roth C, Cremers C, et al.: On the suitability of hydrous ruthenium oxide 
supports to enhance intrinsic proton conductivity in DMFC anodes. Fuel Cells 2006;6:439- 
46. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.) 
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Comparison of Pt/RuCri^xFEO on Vulcan XC72R (9:1 weight ratio) with 
unsupported PtRu black containing 15 wt% Nation in a direct methanol fuel cell 
(Figure 4.61) revealed that in the kinetic region there was a 30 to 50 mV loss in the 
anode potential with the Ru-based support [302]. In the ohmic region, on the other 
hand, the trend reversed and the RuCMxFEO supported system performed better 
due to a combination of enhanced ionic conductivity and methanol utilization 
efficiency. 

4.3.2.4 Extended Reaction Zone Catalyst Supports: Synergy> between 
Electrocatalysis and Electrode Engineering 

The catalytic (supported or unsupported) interface in the vast majority of direct 
liquid fuel cell studies is realized in practice either as a catalyst coated membrane 
(COM) or catalyst coated diffusion layer (CCDL). Both configurations in essence 
are part of the electrode design category, which is referred to as a gas diffusion 
electrode, characterized by a macroporous gas diffusion and distribution zone 
(thickness -100-300 pm) and a mainly mesoporous, thin reaction layer (thickness 
-5-50 pm). The various layers are typically hot pressed, forming the gas diffusion 
electrode-membrane assembly. Extensive experimental and mathematical 
modeling research has been performed on the gas diffusion electrode-membrane 
assembly, especially with respect to the FE-CE fuel cell. It has been established that 
the catalyst utilization efficiency (defined as the electrochemically available 
surface area vs. total catalyst surface area measured by BET) in a typical gas 
diffusion electrode is only between 10-50%, hence, the fuel utilization efficiency 
can be low in such electrodes. Furthermore, the low fuel utilization efficiency 
contributes to an increased crossover rate through the membrane, which 
deteriorates the cathode performance. 

In order to improve the methanol utilization efficiency in DMFC, Wilkinson et 
al. patented the multilayer anode concept, where a number of CCDLs are stacked 
together to provide an enhanced reaction zone volume [303]. They reported that for 
the same total anode catalyst load, the distribution of the carbon-supported PtRu 
catalyst onto three separate diffusion layers (carbon fiber sheets, 300 pm total 
thickness) enhanced the methanol utilization efficiency by 33% compared to a 
single CCDL at a constant current density of 200 mA cnf 2 and 388 K. 

A variant of the enhanced reaction zone concept is to utilize as catalyst support 
various porous three-dimensional electrodes with thickness between 200 to 2,000 
pm. Thus, the electric contact resistance between the individual layers is 
eliminated. The three-dimensional matrix (such as various graphite felts, 
reticulated vitreous carbon, metal mesh, felt, and foam) supporting uniformly 
dispersed electrocatalysts (nanoparticles or thin mesoporous coating) could assure 
an extended reaction zone for fuel (methanol, ethanol, and formic acid) 
electrooxidation, providing an ionic conductor network is established to link the 
catalytically active sites and the proton exchange membrane. The patent by 
Wilkinson et al. also suggests such electrode configurations (e.g., carbon foam, 
expended metal and reticulated metal) but experimental results were not provided 
[303], 
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(c) 

Figure 4.62. Examples of three-dimensional supports for extended reaction zone anodes in 
direct liquid fuel cells, (a) impressed graphite felt UGF, (b) pressed graphite felt GF, (c) 
reticulated vitreous carbon RVC [250, 305], (Reprinted from Electrochimica Acta, 51(25), 
Bauer A, Gyenge EL, Oloman CW, Electrodeposition of Pt-Ru nanoparticles on fibrous 
carbon substrates in the presence of nonionic surfactant: Application for methanol oxidation, 
5356-64, 2006, with permission from Elsevier; and reproduced by permission of ECS—The 
Electrochemical Society, Gyenge EL, Oloman CW. The surfactant-promoted 
electroreduction of oxygen to hydrogen peroxide.) 
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The role played by the three-dimensional support is intricate, affecting in 
addition to intrinsic catalyst-support interactions the electrode mass transfer 
characteristics. By exploiting the support surface properties impacting the wetting 
behavior and the macroporous structure, the three-dimensional support could 
improve the multiphase (S/L/G) mass transfer in direct fuel cell anodes compared 
to gas diffusion electrodes. In the latter case, based on the Laplace equation 
expressing the equilibrium gas bubble pressure, the meso- and micropores of the 
catalyst layer constrict the bubble growth and detachment from the surface. Hence, 
the gaseous C0 2 disengagement from the catalyst layer is impeded, lowering the 
effective electrolyte conductivity, disturbing the current distribution, and 
increasing the concentration overpotential of the reactant situated in the liquid 
phase. The larger macropores (diameter > 50 nm) of the three-dimensional support 
(a few examples are shown in Figure 4.62) are more conducive to bubble growth, 
coalescence, and detachment processes. Furthermore, the local gas evolution can 
enhance the reactant mass transfer to the surface, thereby lowering the 
concentration overpotential. 

A major challenge regarding the three-dimensional support is the synthesis and 
uniform dispersion of catalysts on the surface and through the thickness of the 
support matrix. Electrodeposition techniques using various colloidal media were 
successfully developed for the preparation of PtRu, PtRuMo, and PtSn 
nanoparticles and nanostructures on graphite felts, reticulated vitreous carbon, and 
Ti mesh with thicknesses ranging from ~200 pm to 3,000 pm [86, 190, 218, 249- 
250]. The colloidal media, consisting of either surfactant agglomerates (micelles, 
liquid crystals) or reverse microemulsion, had a major impact on various aspects of 
the deposition process, such as i) the co-deposition rates of alloying elements, ii) 
the catalyst morphology, and iii) the catalyst penetration throughout the matrix 
thickness. 

Without the colloid present (i.e., electrodeposition from pure aqueous media), a 
Pt-rich catalyst was formed, typically only on the outer surface of the three- 
dimensional support, without significant penetration into the matrix. For co¬ 
deposition throughout the thickness of the support of binaiy and ternary catalyst 
formulations, with atomic compositions relevant to fuel cell application, the 
presence of the colloidal system was essential. The mechanism of action for the 
surfactant or water-in-oil microemulsion is believed to be related to selective 
blocking of the surface, creating a high-Pt electrocrystallization overpotential, 
thereby lowering the Pt electrodeposition rate relative to the alloying elements 
(e.g., Ru, Mo, or Sn). 

Figure 4.63 compares the effect of the novel extended reaction zone supports 
on the electrocatalytic activity of PtRu for methanol electrooxidation. The catalyst 
characteristics are presented in Table 4.3. The catalyst surface morphology on all 
three supports could be characterized as predominantly mesoporous coating 
composed of nanoparticle agglomerates (Figure 4.64). 
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Figure 4.63. Comparison of methanol electrooxidation superficial current density for PtRu 
supported on RVC, UGF, and Ti mesh. 1 M CH 3 OH - 0.5 M H 2 S0 4 , 298 K, scan rate 5 mV 
s _1 [218], (With kind permission from Springer Science+Business Media: Journal of 
Applied Electrochemistry, Direct methanol fuel cells with reticulated vitreous carbon, 
uncompressed graphite felt and Ti mesh anodes, 38, 2008, 51-62, Cheng T, Gyenge E, 
figure 7.) 

Table 4.3. Effect of three-dimensional support on the PtRu catalyst characteristics produced 
by galvanostatic electrodeposition from a colloidal media containing 25 vol% Triton X- 
100/isopropanol (1:4 v/v ratio) and 75 vol% aqueous phase (with 2.5*10 4 M FEPtClg and 
(NH 4 ) 2 RuCl6 each). Deposition current density 20 A nT 2 , 120 min, 341 K [218], RVC = 
reticulated vitreous carbon, UGF = graphite felt (uncompressed). (With kind permission 
from Springer Science+Business Media: Journal of Applied Electrochemistry, Direct 
methanol fuel cells with reticulated vitreous carbon, uncompressed graphite felt and Ti mesh 
anodes, 38, 2008, 51-62, Cheng T, Gyenge E, table 3.) 


Support 

Catalyst load 
(mg cm~ 2 geom ) 

Pt:Ru atomic ratio 

Catalyst surface area per 
geometric area of the support 

(m m geom) 

RVC 

1.20 

3.6:1 

144 

UGF 

0.98 

4.0:1 

352.8 

Ti mesh 

0.28 

4.5:1 

89.6 


* Determined by anodic stripping of the underpotential deposited Cu monolayer 
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Figure 4.64. Mesoporous PtRu catalyst layer supported on a) RVC, b) UGF, and c) Ti mesh. 
Galvanostatic electrodeposition using micellar media based on Triton X-100. 20 A m“ 2 , 341 
K [218], (With kind permission from Springer Science+Business Media: Journal of Applied 
Electrochemistry, Direct methanol fuel cells with reticulated vitreous carbon, uncompressed 
graphite felt and Ti mesh anodes, 38, 2008, 51-62, Cheng T, Gyenge E, figure 7.) 

The methanol electrooxidation superficial current densities using the PtRu 
catalysts presented in Table 4.3 were strongly influenced by the type of three- 
dimensional support (Figure 4.63). Based exclusively on a surface area effect, the 
highest catalytic activity was expected for graphite felt. However, both the lowest 
onset potential and the highest current density for methanol oxidation were 
obtained on RVC-supported PtRu. These results point to catalyst-support 
interaction effects. Further studies, coupling experimental work with mathematical 
modeling, are required to understand the fundamental differences in performance 
for various extended reaction zone anodes. It is proposed that the support 
morphology influences the crystallographic features of the electrodeposited PtRu 
and also, possible differences in catalyst-support electronic interaction among the 
three supports might contribute to the observed polarization behavior. 

The novel anode structures have been employed in direct methanol [86, 218, 
249, 305-307 ], ethanol [190], and formic acid fuel cell [308, 309] investigations. 
A general conclusion emerging from most of these studies is the enhancement of 
anode catalyst layer utilization efficiency by the extended reaction zone (or three- 
dimensional) support. This is manifested, for instance, by consistently higher peak 
power output based on the anode catalyst mass compared to convential gas 
diffusion type designs. Figure 4.65 exemplifies the performance of pressed 
graphite felt with PtRu and PtRuMo, at temperatures between 333 and 353 K [86]. 
Table 4.4 presents the corresponding anode catalyst characteristics. 
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Figure 4.65. Performance comparison of DMFC equipped with extended reaction zone 
anode composed of pressed graphite felt with PtRu and PtRuMo, obtained by 
electrodeposition from a colloidal solution [ 86 , 250], a) 333 K, b) 343, and 353 K. Anode 
catalyst characteristics are given in Table 4.4. Anolyte: 1 M CH 3 OH - 0.5 M H 2 SO 4 , 5 mL 
min -1 , ambient pressure. Cathode: 4 mg cm 2 Pt black, 0 2 flow rate 500 ml min 1 at 2 atm 
(abs). [ 86 ], (Reprinted from Journal of Power Sources, 167(2), Bauer A, Gyenge EL, 
Oloman CW, Direct methanol fuel cell with extended reaction zone anode: PtRu and 
PtRuMo supported 011 graphite felt, 281-7, 2007, with pennission from Elsevier.) 
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Table 4.4. PtRu catalyst characteristics for DMFC experiments (Figure 4.65). PtRu and 
PtRuMo on pressed graphite felt, produced by galvanostatic electrodeposition from a 
colloidal media containing 40 wt% Triton X-100 and 60 wt% aqueous phase. Deposition 
current density 60 A irf 2 , 2x90 min, 333 K [86], (Reprinted from Journal of Power Sources, 
167(2), Bauer A, Gyenge EL, Oloman CW, Direct methanol fuel cell with extended reaction 
zone anode: PtRu and PtRuMo supported on graphite felt, 281-7, 2007, with permission 
from Elsevier.) 


Properties 

PtRu on 
pressed 
graphite felt 

PtRuMo on 
pressed graphite 
felt 

PtRu 

unsupported* 

(CCM) 

Pt:Ru:(Mo) atomic ratio 

1.4:1 

1:1:0.3 

1:1 

Total catalyst load (mg cm 2 ) 

4.3 

5.2 

4.0 

Effective Pt surface area** 

(m m geom) 

712 

254 

NA 


* Commercial product from Lynntech Inc. 

** Determined by anodic stripping of underpotential deposited Cu monolayer. 


Figure 4.65(a) indicates that the three-dimensional support caused a 38% 
increase in the peak power density at 333 K compared to the catalyst coated 
membrane (COM), while at current densities below 2000 A m 2 . in the electrode 
kinetic zone, the performances were similar. Since at the peak power output 
conditions, both ionic and reactant mass transfer effects impact the anode 
polarization behavior, it is proposed that in the case of pressed graphite felt support 
the enhanced utilization of the catalyst is related to the latter effects rather than the 
intrinsic kinetics. 

Regarding the catalyst formulation, in contrast to 333 K, at both 343 and 353 K 
PtRuMo had a higher activity than PtRu (Figure 4.65(b)). Thus, a strong positive 
interaction effect between temperature and Mo presence in the catalyst was 
detected [86]. Flowever, Mo surface segregation and oxidation was observed, 
compromising the longer-term catalytic activity [86]. 

Similarly, for direct ethanol fuel cell anodes, higher PtSn mass specific 
activities and utilization efficiencies were reported on uncompressed graphite felt 
compared to conventional gas diffusion anodes (catalyst coated membrane variant) 
[190], These investigations point toward the possibility of reducing the precious 
metal anode catalyst load by exploiting the support-catalyst interaction. Future 
studies using carbon-based extended reaction zone anodes must focus on 
quantitative assessment of the liquid and gasesous mass transfer and the fuel 
crossover flux. Regarding the latter, it is of interest to evaluate whether dispersing 
the catalyst load throughout a larger reaction volume brings about a decrease in 
crossover rate, or whether the COM design providing a more compact hairier at the 
membrane surface is more effective in this respect. 

In addition to carbon and graphite-based extended reaction zone supports, Ti 
mesh has been fairly extensively investigated for direct methanol fuel cells in both 
acid and alkaline conditions, and also for formic acid cells [218, 305-307, 309- 
313]. Compared to three-dimensional carbons, Ti mesh has the advantage of a 
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mechanically strong yet flexible metallic structure with physical properties such as 
electronic conductivity and porosity, independent of compression in the fuel cell. 
Furthermore, the higher effective electronic conductivity renders Ti mesh a better 
current collector. The major drawbacks, however, are high cost and the 
spontaneous formation on the Ti surface of an oxide film that must be removed (for 
example, by immersion in either boiling 35 wt% HC1 [307] or 10 wt% oxalic acid 
at 80 C [306]) prior to the application of any catalyst deposition procedure. 

The performance in a DMFC of a Ti mesh anode support coated with 
mesoporous PtRu produced by electrodeposition (Figure 4.64 and Table 4.3) was 
very promising in terms of anode catalyst mass-specific peak power output and 
current density; namely, 50 W g 1 at 200 A g 1 was obtained [218], However, due 
to the large pore sizes of the mesh coupled with a very low catalysy loading (0.28 
mg cnT 2 , Table 4.3), the methanol crossover was severe for this anode structure, as 
reflected by the low open-circuit cell voltage (e.g., 0.54 V at 333 K) [218]. This 
conclusion is also supported by the methanol concentration dependence of the Ti 
mesh anode performance, reported by Lim et al. [312]. In a direct comparison with 
a conventional gas diffusion electrode employing identical PtRu load and 
composition, the Ti mesh anode support gave higher power output only at 0.5 M 
methanol concentration, whereas at 1 and 2 M methanol the GDE was better [312]. 

In an alkaline (1 M NaOH) DMFC, on the other hand, where crossover to the 
cathode is alleviated, the Ti mesh-supported Pt outperformed the GDE in 1 M 
methanol over the entire investigated range of superficial current densities (up to 
70 mA cnT 2 ) [311]. Thus, in the development and performance analysis of novel 
extended reaction zone supports, one must take into account the multitude of 
complex interactions involving support morphology, physico-chemical properties, 
electronic effects affecting the intrinsic electrocatalytic activity, and various mass 
transfer processes. 

In the case of a direct formic acid fuel cell equipped with Ti mesh anode 
support, Chetty and Scott carried out a comprehensive comparative investigation of 
Pd and PtSn catalysts prepared by either thermal or electrochemical deposition 
[309]. Generally, PtSn/Ti mesh performed better than Pd/Ti mesh; the maximum 
power output for each at 333 K using 1 M HCOOH was about 20 mW cnf 2 and 37 
mW cnf 2 , respectively. It is noteworthy that according to this study the Ti mesh- 
supported PtSn gave about three times higher peak power density than the GDE 
with commercial carbon supported PtSn [309]. Furthermore, the performance of 
the three-dimensional anode improved with formic acid concentration up to 7 M, 
and excellent catalyst stability was observed during 72 h of continuous operation. 

4.3.2.5 Electronically Conductive Polymer Supports 

A different approach to improve the catalyst-support interactions in direct fuel cells 
is based on electronically conductive polymer supports. Multiple functions could 
be envisaged for the polymer supports, such as enhancement of the catalyst 
nanoparticle dispersion, superior physico-chemical stability compared to carbon, 
potentially beneficial electronic interaction with the catalyst, and surface properties 
conducive to the transport and adsoiption of reactive species. 

In the context of direct fuel cell anodes, polyaniline (PAni) was the first 
investigated polymer support due to its straightforward synthesis by 
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electropolymerization of aniline [314]. Hable and Wrighton carried out among the 
first comprehensive studies of CH 3 OH and C 2 H 5 OH electrooxidation on PtRu/PAni 
and PtSn/PAni [315]. The catalyst particles (diameter 300-500 nm and load of 
0.25-1 mg cm") were incorporated in the polymer matrix by potential cycling 
deposition on PAni-GC. Electrocatalytic acitivity toward alcohol electrooxidation 
was detected only in the region of electronic conductivity for PAni, i.e., at 
potentials higher than -0 V vs. SCE when PAni is in the emeraldine state. 
Otherwise, the resisitivity of the polymer film impedes the electrochemical 
response. PtSn was the most active toward ethanol oxidation, whilst for methanol 
oxidation PtRu and PtSn gave identical responses. The accumulation of 
intermediate species such as acetaldehyde and formaldehyde in the PAni matrix 
unfortunately compromised the long-term electronic conductivity of PAni and 
decreased the performance [315]. 

In a different study, a direct comparison of Pt electrodeposited directly on 
carbon versus Pt electrodeposited on PAni-modified carbon revealed that the latter 
gave consistently higher methanol oxidation current densities at 0.5 V vs. SCE 
[316, 317a]. The role of PAni morphology was also explored, showing that the 
granular form of the polymer, produced by electropolymerization in H 2 SO 4 or 
HNO 3 , is preferred since for the same amount of Pt catalyst it gave up to about six 
times higher methanol oxidation superficial current density compared to fibrous 
PAni obtained in HBF 4 or HC10 4 [317a]. These results were attributed to surface 
area and associated catalyst dispersion effects. However, other researchers reported 
that fibrous PAni (diameter 70-100 nm) produced by a pulse galvanostatic method 
is a better support compared to the granular morphology, which is obtained by 
conventional galvanostatic electropolymerization [317b]. 

Bagotzky et al. investigated the true catalytic effect of Pt/PAni by evaluating 
the particle size and the total catalyst surface area, and normalizing accordingly the 
methanol oxidation current (referred to as specific or intrinsic electrocatalytic 
activity) [318]. The constant potential (0.05 V vs. RHE) electrodeposition of Pt on 
PAni on a rotating disk electrode setup at various deposition times produced a wide 
range of particle sizes (between 2 to 850 nm) and specific surface areas. For 
example, at a load of 750 pg cnf 2 a fairly continuous Pt film formed on the PAni 
surface, composed of large, -150-850 nm diameter agglomerates. The 
corresponding specific surface area (determined by underpotential hydrogen 
adsorption/desorption) was only about 10 m 2 g [318]. Conversely, for lower loads 
(below 60 pg cnf 2 ) almost monodisperse particles of 2-5 nm diameter were 
produced with specific surface area up to 24 m 2 g '. 

Figure 4.66 shows the methanol oxidation current density per total catalyst area 
as a function of Pt load for Pt/PAni. A number of interesting observations can be 
made. At low Pt load the intrinsic electrocatalytic activity was virtually 
independent of potential as a result of slow methanol adsorption (chemisorption) 
on the small catalyst particles embedded in the polymer film [318]. However, at 
higher loadings (60 to 750 pg cnf 2 ) two regions can be identified: i) for 0.55 Vrhe 
< E < 0.66 Vrhe the polarization corresponds to the Tafel behavior (Tafel slope of 
90-100 mV dec -1 ), and ii) at E > 0.66 V vs. RHE adsorption becomes the rate 
controlling step. Furthermore, the Pt/PAni specific electrocatalytic activity for 
methanol oxidation was consistently higher than that of Pt/Pt (platinized Pt 
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produced under similar conditions but without PAni), indicating a tine catalytic 
effect. At ~750 pg cnf 2 the current density approached that of smooth Pt. 

Pt load 



Figure 4.66. Intrinsic electrocatalytic activity of Pt/PAni as a function of Pt load (symbols: 
|ig cnf 2 ) [318], Dotted line: smooth Pt; dashed line: Pt/Pt. 1 M CH 3 OH - 0.5 M H 2 S0 4 . 
(Reproduced from Journal of Electroanalytical Chemistry, 509(2), Mikhaylova AA, 
Molodkina EB, Khazova OA, Bagotzky VS, Electrocatalytic and adsorption properties of 
platinum microparticles electrodeposited into polyaniline films, 119-27, 2001, with 
permission from Elsevier.) 

It must be emphasized that similar results were obtained with Pt dispersed in a 
Nafion®’ film [318], suggesting that Pt nanoparticles electrodeposited into 
polymeric matrices are more active than Pt/Pt. 

Moreover, the intrinsic activity of uncatalyzed PAni toward methanol oxidation 
must also be considered. Surprisingly, it was reported that PAni itself deposited on 
a Pt substrate enhanced by 50% to 320% the methanol oxidation peak current 
density vs. pure Pt at methanol concentrations between 2 to 10 M in 0.5 M H 2 SO 4 
[319]. However, at methanol concentrations below 1 M, PAni was inactive toward 
methanol oxidation. Other researchers contradicted this finding and reported the 
inactivity of PAni toward methanol oxidation [320, 321]. More research is required 
in this area since thus far no explanation has been offered for the peculiar activity 
of PAni toward methanol oxidation at high concentrations [319]. 

Lima et al. presented IR spectroscopic evidence for the enhanced CO a( j 
oxidation on PtRuMo/PAni (film thickness 0.5 pm). The corresponding oxidation 
potential was 150 mV and 500 mV lower than on PtRu/PAni and Pt/PAni, 
respectively [320]. No information was provided regarding the potential role of the 
polymer. 
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Figure 4.67. The effect of catalyst support, PAni-V 2 05 , and Vulcan on the superficial 
current density (i.e., per geometric electrode area) for methanol oxidation on Pt. 1 M 
CIT 3 OFI - 1 M FESO 4 [322], (a) comparison as a function of Pt load, (b) time profile at a 
constant Pt load of 120 pg cm 2 . (Reprinted from Journal of Power Sources, 141(1), Rajesh 
B, Thampi KR, Bonard J-M, Mathieu HJ, Xanthopoulos N, Viswanathan B, Electronically 
conducting hybrid material as high performance catalyst support for electrocatalytic 
application, 35-8, 2005, with permission from Elsevier.) 
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Other studies confirmed as well the catalytic activity of Pt/PAni composites for 
the oxidation of small organic molecules relevant to fuel cells. Rajesh et al. 
prepared an interesting catalyst layer composed of Pt/PAni-V 2 05 whereby the 
polymer was produced by homogeneous polymerization [322]. V 2 0 5 acted as both 
redox catalyst for polymerization, forming V , and as the host for the intercalation 
of PAni in its layered structure. The stoichiometry of the composite support was 
(C 6 H 4 NH) 0 .4iV2O 5 -0.5H 2 O. 

In a direct comparison with Pt supported on Vulcan, the novel composite 
support induced a significant increase in methanol oxidation superficial current 
density for the identical amount of Pt catalyst (Figure 4.67(a)). Furthermore, the 
long-term catalytic activity of Pt was improved with the PAni-V 2 05 composite 
support (Figure 4.67(b)). 

The incorporation of H x Mo0 3 as co-catalyts with Pt in the PAni support matrix 
prepared by electrodeposition was investigated for methanol, formic acid, and 
formaldehyde oxidation [323]. In addition to surface area enhancement-related 
increase in the oxidation current densities for the three Cl molecules, both Pt/PAni 
and Pt-H x Mo0 3 /PAni revealed tine catalytic effects as well, according to Wu et al. 
[323]. Figure 4.68 illustrates the case of formic acid oxidation. Compared to Pt/Pt, 
the polyaniline support brought about an increase of both peak currents on the 
forward scans, at 0.3 and 0.6 V vs. SCE, followed by a pronounced expansion of 
the oxidation wave on the return scan. The presence of H x Mo0 3 in the catalyst 
formulation increased the formic acid electrooxidation rate, especially in the low 
potential region of the forward scan, between 0 and 0.5 V vs. SCE (Figure 4.68), 
whereas on the return sweep the oxidation wave was close to the Pt/PAni case. 



E/V. vs. SCE 


Figure 4.68. The effect of PAni support and H x Mo0 3 co-catalyst on formic acid oxidation 
on Pt. 1) Pt/Pt, 2) Pt/PAni, and 3) Pt-H x Mo0 3 /PAni. 0.1 M HCOOH - 0.5 M H 2 S0 4 , 100 
mV s _1 [323], (Reprinted from Journal of Power Sources, 145(2), Wu YM, Li WS, Lu J, Du 
JH, Lu DS, Fu JM, Electrocatalytic oxidation of small organic molecules on polyaniline-Pt- 
HJVI 0 O 3 , 286-91, 2005, with pennission from Elsevier.) 
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The method of catalyst preparation (especially in the case of alloys) and the 
catalyst interaction with the polymer support matrix play important roles in 
determining the resultant electrocatalytic effect. The catalyst/support couple 
PtSn/PAni (0.5 pm thickness) with PtSn synthesized by electroreduction at 0.1 V 
vs. RHE was found to be an effective catalytic system for formic acid oxidation, 
lowering the anode potential by over 100 mV compared to pure Pt/PAni and 
PtRu/PAni [324]. Moreover, the oxidation of formic acid on PtSn/PAni 
commences at low potentials, in the hydrogen adsorption region, around 0.1-0.2 V 
vs. RHE. 

Doping the PAni support with polystyrene sulfonic acid (PSS) has recently 
been shown to be an effective method for further improvement of the catalytic 
activity of Pt toward methanol oxidation [325]. The -SO 3 H sites in the polymer 
assist in the uniform dispersion of the catalyst precursor Pt 41 throughout the 
network, bringing about an even distribution of the resulting Pt sites. Furthermore, 
the sulfonate groups form a proton-conducting network, which is also essential for 
catalytic activity. Another PAni composite support type that attracted attention is 
one obtained by electropolymerization of aniline in the presence of single-wall 
carbon nanotubes (SWNT) forming a PAni-SWNT composite film [326]. The 
PAni-SWNT support of about 60 nm thickness provided an extended 
electrochemically effective specific surface area and higher support electronic 
conductivity for the electrodeposited Pt catalysts. These effects, combined, 
imparted a more than three-fold enhancement of the methanol oxidation superficial 
current density (Figure 4.69). 

In addition to PAni, a number of other electronically conductive polymers have 
been investigated as catalyst supports, especially in relation to methanol 
electrooxidation. Pickup and co-workers introduced the PEDOT support (i.e., 
poly(3,4-ethylenedioxythiophene) [327]. Composites of PEDOT with either 
poly(styrene-4-sulfonate) (PSS) or polyvinylsulfate (PVS) possess both electronic 
and ionic conductivity. Methanol oxidation voltammograms on PtRu showed that 
both PEDOT-PSS and PEDOT-PVS supports were less effective compared to 
carbon [327]. However, as shown recently by Juttner and co-workers, the 
performance of the PEDOT supported catalytic system can be substantially 
enhanced by electrochemical oxidative treatment of the polymer support [328]. 
The oxidative activation treatment consisted of successive potential cycles up to 
1.5 V vs. RHE. The irreversible oxidation of PEDOT changed the polymer 
morphology, increasing its porosity, which in turn improved the methanol 
permeation flux and access of the Pt active sites. The electrochemical activation 
doubled the maximum power output of a Pt/PEDOT catalyst system in a DMFC 
[328]. Similar catalytic activation was observed after long-term storage (e.g., 6 
months) of Pt/PEDOT. The latter method was more effective than the oxidative 
treatment. 

The PEDOT-PSS composite support was employed in conjunction with Pt, 
PtSn, and PtPb for ethanol electrooxidation catalysis, showing the expected 
beneficial effect of Sn [329]. No comparison was provided with conventional 
carbon-supported or unsupported catalyst layers; therefore, the effectivness of the 
support cannot be judiciously analyzed. 
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Figure 4.69. Methanol oxidation superficial current density at 0.65 V RH e as a function of Pt 
load supported on PAni and PAni-SWNT, respectively. Data obtained from cyclic 
voltammogram in 0.5 M CH 3 OH - 0.5 M H 2 S0 4 ; 298 K [326], (Reprinted from Journal of 
Power Sources, 155(2), Wu G, Li L, Li J-H, Xu B-Q, Methanol electrooxidation on Pt 
particles dispersed into PANI/SWNT composite films, 118-27, 2006, with permission from 
Elsevier.) 

Polypyrrole (PPY) based supports have also received considerable attention as 
direct liquid fuel cells anode catalysts. Rajesh et al. reported a method to produce 
by alumina membrane template-assisted electropolymerization PPY nanotubes of 
200 nm outer diameter deposited on carbon cloth [330]. Subsequently, Pt was 
galvanostatically electrodeposited inside the PPY nanotubes, and it was shown by 
voltammetry that the nanotube morphology of the PPY support induces up to three 
times higher methanol oxidation current densities compared to untemplated PPY; 
the latter was less effective since dense Pt crystallite agglomerates formed on its 
surface, with lower electrochemically available surface area. The same templated 
synthesis method was applied to produce poly-3-methylthiophene (PMT) with 
nanocone morphology [331]. Figure 4.70 reveals that the carefully controlled 
nanocone support morphology obtained by templating was crucial for the 
enhancement of the catalytic acitivity toward methanol oxidation. The Pt loading 
was kept constant at 80 pg cm 2 . Without the templating procedure, interestingly 
the PMT support gave worse activity than the carbon support (see GC/20% Pt/C 
from E-TEK Inc., Figure 4.70). Thus, the special morphology of the support was 
key in order to assure high utilization of the Pt catalyst. 
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Figure 4.70. Effect of PMT electronically conductive polymer support on the methanol 
oxidation current density at a constant Pt load of 80 pg cm 2 . 1 M CH 3 OH - 1 M H 2 S0 4 ; 0.6 
V ssce> 298 K [331]. Legend: CC/Naf/PMTTemp-Pt: Nafion coated carbon cloth with PMT 
support produced by templating (i.e., nanocone morphology); CC/Naf/PMT-Pt: same as 
before but without templation; GC/20%Pt/C: commercial (E-TEK Inc.) supported catalyst. 
(Reprinted from Journal of Power Sources, 133(2), Rajesh B, Thampi KR, Bonard J-M, 
McEvoy AJ, Xanthopoulos N, Mathieu HJ, Viswanathan B, Pt particles supported on 
conducting polymeric nanocones as electro-catalysts for methanol oxidation, 155-61, 2004, 
with permission from Elsevier.) 

In situ polymerization of pyrrole in the presence of multiwalled carbon 
nanotubes (MWCNT) yielded PPY-MWCNT composite support for Pt and PtPd 
nanoparticles of 2 to 5 nm [332]. The resulting catalytic system was evaluated for 
activity toward formic acid electrooxidation. The presence of Pd in the catalyst 
formulation shifted the HCOOH oxidation onset potential to more negative values, 
with oxidation commencing around 0.2 V vs. SCE. It was proposed that Pd favors 
the direct oxidation pathway of formic acid, and therefore it is less susceptible to 
CO poisoning [332]. Similar support architecture was also employed for Pt and 
PtRu catalysis of methanol oxidation [333]. Kulesza et al. showed that PtRu can 
also be incorporated into a poly-N-methylpyrrole (PMPy) matrix in the form of 
spatially dispersed Pt and Ru(III,IV)-oxo sites [334]. The latter species were 
introduced during the electropolymerization stage, when the positive charge of the 
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polymer is balanced by the dopant anionic species, Ru(III,IV) oxide/ 
cyanomthenate. Pt sites were formed by electroreduction of FEPtCh (0.012 M in 
0.5 M H 2 S0 4 ) with potential cycling in the range of 0.8 to -0.3 V vs. RHE. 

Bensebaa et al. employed ethylene glycol reduction in a microwave oven (at 
436 K) in order to synthesize PtRu nanoparticles and to incorporate in-situ the 
catalyst nanoparticles in a polymer matrix of polypyrrole-di(2-ethylhexyl) 
sulfosuccinate (PPyDEHS). Figure 4.71 shows the excellent dispersion of the 
nanoparticles on the polymer support [335]. Morover, the polymer also served as a 
colloid stabilizer during nanoparticle synthesis. Preliminary methanol oxidation 
polarization curves showed fairly good activity for such catalytic systems, giving a 
Pt mass specific current density of 20 A g 1 at 0.4 V vs. SCE. Further studies are 
required to test the long-term stability and feasibility of the PtRu/PPyDEFIS system 
for DMFC anodes. 



Figure 4.71. TEM of PtRu nanoparticles incorporated in the conducting polymer PPyDEElS 
(see text) [335], (Reprinted with permission from J Phys Chem B 2005;109:15339—44. 
Copyright 2005 American Chemical Society.) 

In the case of polypyrrole, Juttner and co-workers compared three different 
preparation techniques: I) Pt potentiostatically deposited onto pre-synthesized PPY 
film (0.5 pm thickness preferred); II) Pt deposited onto the PPY film 
simultaneously with film formation by electropolymerization; and III) the same 
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simultaneous deposition procedure was applied but the Pt/PPY sample was also 
subjected to post-deposition electrochemical treatment in order to remove the 
chloride ions from the precursor Pt salt [336], The sizes of the Pt crystallites for all 
three deposition procedures were rather large, in the range of 0.1-0.4 pm 
depending on the load. Interestingly, at 298 K samples II) and III) showed no 
electrocatalytic acitivity toward methanol oxidation, even when the film thickness 
was reduced to 0.1 pm. Only sample (I) (obtained by deposition onto pre¬ 
synthesized PPY) had activity. Furthermore, the more negative the Pt deposition 
potential the higher the methanol oxidation current density for Pt/PPY(I). An 
important finding of this work was the enhanced stability of the Pt supported on 
PPY(I) compared to GC [336]. After only -10-20 minutes of oxidation, the former 
catalytic system gave higher methanol oxidation current densities than Pt/GC at 0.5 

V vs. RHE, in 1 M CH 3 OH - 0.5 M H 2 SO 4 . Since the Pt particles obtained on GC 
were larger than those obtained on PPY(I) (1-2 pm diameter compared to 0.4 pm) 
the observed long-tem enhancement effect was explained based on the higher 
electrochemically active surface area and possibly more subtle support-catalyst 
electronic interaction effects. 

Poly-3-methylthiophene (P3MT) was produced by electropolymerization on 
graphite and utilized as a Pt and PtPb catalyst support for formic acid oxidation 
[337]. In chronoamperometry experiments, after 300 s at a constant potential of 0.8 

V vs. SCE the Pt catalyst supported on P3MT/graphite gave up to an order of 
magnitude higher HCOOH oxidation current density compared to the bare graphite 
support. Further improvement of the HCOOH oxidation was reported when small 
amounts of Pb were incorporated onto the Pt/P3MT/graphite [337]. The co- 
catalytic effect of Pb produced up to an approximately three-fold increase in 
HCOOH oxidation current density. The promising fundamental studies using 
P3MT support must be followed up by fuel cell experiments, in which a number of 
interacting effects between electrode kinetics, mass transfer, and electronic 
conductivity will play an important role. 


4.4 Conclusions 

The present chapter has presented a comprehensive review of electrode kinetic and 
catalytic aspects associated with methanol, ethanol, and formic acid oxidation. The 
prevalent point of view in selecting and organizing the vast amount of information 
in this area was that of practical applicability in order to advance the technology of 
direct fuel cells. Emphasis was placed on the “catalytic system”, starting with 
catalyst preparation methods and focusing on the interaction of 
catalyst/support/ionomer/chemical species. The development of catalytic systems 
was followed, from fundamental electrochemical and surface science studies to 
fuel cell experiments (whenever experimental data was available). Advances in 
both fundamental electrocatalysis and electrochemical engineering hold promise 
for the development of high-performance and cost-effective direct liquid fuel cells. 
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Application of First Principles Methods in the Study of 
Fuel Cell Air-Cathode Electrocatalysis 


Zheng Shi 


5.1 Introduction 

First principles modeling has enjoyed widespread use in many traditional areas of 
chemistiy (e.g., organic, inorganic) for decades and its success has made it an 
indispensable tool in these areas. Use of first principles modeling in 
electrochemistry, however, is a recent stoiy. This delay has largely been due to 
complex interface problems. Nevertheless, with recent advances in computer 
technology and electronic structure calculation algorithms, quantum chemistiy 
calculation is rapidly becoming a necessary tool in the field of electrochemistiy. 
Several publications and reviews on quantum chemistry methodologies in 
electrochemistiy and surface reaction are available [1-8]. To understand electron 
transfer at a metal-solution interface, it is essential to have microscopic information 
about the equilibrium and nonequilibrium structure of the solvent, the specific 
adsorption of ions, and the state of reactants and products near the charged surface 
of a metal. Flowever, despite tremendous developments in the modern 
experimental in situ method, experimentally probing the interface process is still a 
challenge. Therefore, theoretical modeling can play an important role, as it 
complements experimental measurements and offers the possibility of providing a 
detailed description of the interface process at the atomistic and molecular levels. 

In recent years, the number of publications on the application of the first 
principles methods in the area of fuel cell electrocatalysis has grown significantly. 
Electrocatalyst material is one of the major obstacles for fuel cell technology. The 
widely used catalyst, Pt, suffers from several drawbacks, namely slow kinetics, low 
efficiency, high cost, and limited abundance in the earth’s crust. Development of 
new catalyst materials with low cost, high performance, and durability is the goal. 

This chapter concentrates on the first principles studies of fuel cell air-cathode 
electrocatalysts, i.e., oxygen reduction reaction (ORR) electrocatalysis. Recent 
progress in theoretical methodologies will be introduced and the current status of 
first principles studies of the ORR will be reviewed. The chapter is organized as 
follow: first, the background theory and the oxygen reduction reaction will be 
introduced, and then theoretical applications in the study of the ORR will be 
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reviewed in four sections, according to theoretical approach. In each section, the 
computational method is presented with examples, the research findings from 
theoretical studies are discussed, and the capabilities of the present quantum 
chemistiy methods are illustrated. 


5.2. Background 

5.2.1 Theoretical Methods 

In this section, the density functional theory (DFT) method is reviewed. Other 
methods applied in the study of electrochemistry, such as the ab initio (or first 
principle) molecular dynamics method (AIMD), the wave-function-based method, 
the Monte Carlo method, and the semi-empirical method are reviewed elsewhere 
[3,9-13], 

Density functional theory has been the method of choice for large systems, 
especially solid-state surfaces. This is largely due to its computational efficiency 
and accuracy. Density functional theory is based on the Hohenberg-Kohn theorems 
[14], according to which the electron density determines the ground-state wave 
function and all other electronic properties of the system. Furthermore, a 
variational principle exists for the density: the correct density is the one that 
produces the minimum energy. Because the electron density is a function of the 
three-dimensional coordinates, regardless of the number of electrons in the system, 
the density functional approach could significantly reduce computational demand. 

To obtain the electron density, Kohn-Sham introduced a fictitious reference 
system of non-interacting particles. The electron density of this fictitious state can 
be obtained exactly by solving a set of one-electron Schrodinger equations (Kohn- 
Sham orbital [15], Equation 5.1): 

|-1V 2 + v at (r) + v H (r) + V;cc (r)|'F i (r) = s^, (r) (5.1) 

where external potential 

v (r) = --— 

U «|r-RJ 


Hartree potential 


r P(r') 

J | r -r' 



and v xc (r) is the exchange-correlation potential. 

In principle, if the true exchange-correlation term is known, one can get the 
exact electron density. However, in reality, the exchange-correlation term is 
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unknown and there is no systematic way of deriving it. In practice, an approximate 
functional is proposed. There are several types of approximate functionals, such as 
Local Density Approximation (LDA) and Generalized Gradient Approximation 
(GGA) [16]. Examples of GGA exchange-correlation functionals include LYP 
[17], PW91 [18, 19], P86 [20], BPW91 [18, 19, 21], BLYP [16, 17], PBE [22], and 
B3LYP [17, 21]. The quality of the functional employed directly affects the quality 
of the DFT calculation. In general, as the exchange-correlation functional contains 
both exchange and Coulomb correlation terms, the DFT provides better quality 
than the single determinant Hartree-Fock (HF) method, which does not have a 
Coulomb correlation term. 

In addition to the choice of functionals, one must make a number of other 
selections in order to perform a study effectively. These include the surface model, 
basis set, and effective potentials. There are two generally employed surface 
models, namely, the cluster and the slab [3, 9]. The cluster model represents the 
surface using a limited number of atoms (10-50), to reduce the cost of the 
computation. These calculations are computationally convenient and are widely 
used to investigate surface reactions’ transition states and analyze the 
chemisoiption bond. Most importantly, solvent effects can be incorporated into the 
cluster model. However, the electronic structure of clusters can be quite different 
from the corresponding structure of the semi-infinite surface. Another issue with 
the cluster method is that it does not work well for charged surfaces: excess 
charges accumulate on the surface and even in a larger cluster, most of the atoms 
are on the surface, so that the charge distribution differs considerably from that on 
a semi-infinite system. Furthermore, an increase in cluster size does not resolve the 
convergence problem. The slab method, on the other hand, describes the surface as 
a slab with a periodic structure. The size of the surface unit cell determines the 
computational effort. Three or four slabs usually are needed to obtain an effective 
model. It is now generally agreed upon that slab calculations give more reliable 
binding energetics. The problem with the slab method is that periodicity limits it to 
a fairly high adsorbate coverage. 

Depending on the surface model, there are two classes of basis sets, the 
localized and the plane wave. For the cluster model, localized basis sets are 
generally employed. These basis sets are atomic functions with their origins at the 
centers of cluster atoms. In the slab model, delocalized plane waves are usually 
applied. To further reduce the computational cost, effective potential can be 
employed. In a localized basis set, inner electrons are frozen and only the valence 
s, p, and d electrons are included in the calculation. In the slab model, 
pseudopotentials are applied. 

5.2.2 Oxygen Reduction Reaction 

Numerous reviews of the oxygen reduction reaction and its mechanisms have been 
published. The most recent ones include Adzic [23], Gatteerell and MacDougall 
[24], and Ross Jr. [25], The ORR is a multi-electron reaction, which may include a 
number of elementary steps and involve different reaction intermediates and 
pathways. Figure 5.1 illustrates the possible reaction pathways. 
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Figure 5.1. Oxygen reduction reaction pathways 


Adzic [23] summarized the following possibilities: 

1. a “direct” four-electron reduction to H 2 0 (in acid media) or to OFT (in 
alkaline media); 

2. a two-electron pathway involving reduction to hydrogen peroxide; 

3. a “series” pathway with two- and four-electron reduction; 

4. a “parallel” pathway that is a combination of 1), 2) and 3); 

5. an “interactive” pathway in which the diffusion of species from a “series” 
path into a “direct” path is possible. 

6. The following are the standard potentials for direct four-electron, two- 
electron, and one-electron reactions involved in the ORR [1]: 


0 2 + 4H + + 4e— -> 2H 2 0 

1.23 V 

(5.2) 

0 2 + 2H + + 2e—> H 2 0 2 

0.68 V 

(5.3) 

H 2 0 2 + 2H + + 2e- -> 2H 2 0 

1.77 V 

(5.4) 

0 2 + H + + e~ —* H0 2 

-0.13 V 

(5.5) 


A four-electron oxygen reduction yields water, while a two-electron reduction 
produces hydroxide, which not only reduces the efficiency but also poisons the 
catalysis and cell because of its high oxidizability. 

Three types of ORR catalyst are presently used: transition metals and alloys; 
non-noble metals and metal oxides; and transition-metal macrocyclic complexes. 
For transition metal catalysts, two-electron reduction is reported for less active 
metals such as Au and Hg. For the most active catalyst, Pt, four-electron reduction 
is generally believed to occur, although its pathways and mechanisms are still 
elusive. For the ORR on Pt, two Tafel regions have been observed in both acid and 
alkaline solutions. At low current densities, a Tafel slope of-60 mV/dec was noted 
and at high current densities, a slope of-120 mV/dec [26]. The difference in Tafel 
slopes is attributed to partial coverage of the Pt surface by intermediates, especially 
by O. It is reported that at a potential > 0.8 V (NHE), Pt coverage by O could reach 
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about 30% [27]. Thus, the adsorbed intermediates and coverage on Pt affect the 
ORR kinetics dramatically. There are two different views on the first electron 
transfer step. Damjanovic and Brusic [28] proposed that proton transfer occurs 
simultaneously with charge transfer and is the rate determining step. Yeager et al. 
[29] proposed that the first step involves dissociative chemisoiption of the 0 2 
molecule, which occurs simultaneously with charge transfer; the rate deteimining 
step appears to be the addition of the first electron to the adsorbed 0 2 . 
Experimentally, there is no simple adequate spectroscopic method for identifying 
adsorbed intermediates so it is difficult to determine the nature and coverage of 
adsorbed reaction intermediates and, hence, the reaction mechanism [23]. 


5.3 Surface Adsorption 

The difficulty in the reduction of oxygen to water originates from the multiple 
bonding nature of the oxygen molecule, which makes the bond very strong. The 
mechanism of catalysis is to facilitate the dissociation of the 0-0 bond. The 
catalyst’s ability to interact with oxygen and the degree of this interaction are 
crucial for its catalytic activity toward oxygen reduction. Catalysts that bind 
oxygen too weakly or too strongly are poor candidates. The ideal catalyst possesses 
an optimum binding energy that maximizes catalytic activity. This concept is 
referred to as Sabatier’s principle [30]. 

Three types of interactions between transition metals and oxygen are generally 
accepted. These are the side-on, end-on, and bridge types (Figure 5.2). 
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Figure 5.2. Oxygen adsorption models: (a) the Griffiths model, (b) the Pauling model, (c) 
the Yeager model 

Studies have revealed that the type of interaction between catalyst and oxygen 
dictates the oxygen reduction reaction pathway and end products. The direct four- 
electron pathway requires dissociation of oxygen prior to the transfer of the first 
electron [25], Research has demonstrated that both side-on and bridge interactions 
weaken the 0-0 bond to such an extent that a break is inevitable. Therefore, four- 
electron reduction will follow and the final product will be water. On the other 
hand, catalysts that cannot effectively stretch the 0-0 bond will only end up with 
the two-electron reduction product FI 2 0 2 , which makes the catalyst unstable and 
degrades the fuel cell system [31]. 
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The catalyst’s ORR activity is also affected by its bond strength with ORR 
intermediates. The ORR involves the following possible intermediates: OH, OOH, 
O, and H 2 O 2 . If the interactions are too strong, surface blockage results. The OH 
radical is one of the most important intermediates in the ORR and is formed in 
large amounts during the processes of oxygen reduction and water oxidation. OH 
adsorption is generally held to be responsible for blocking oxygen adsorption sites. 

In this section, we introduce computational methods employed in surface 
adsorption studies. Examples of theoretical studies of the adsorption of molecular 
oxygen and ORR intermediates on transition metals and alloys will be provided. 
Insights and findings from theoretical modeling will also be discussed. 

5.3.1 Computational Methods 

Both cluster and slab methods are employed to investigate interactions between the 
surface and adsorbates [9, 10, 32]. Usually, the solvent is ignored. These methods 
work best if a strong chemisorption bond is formed so that the other interactions 
are secondary. The adsoiption energy is calculated using Equation 5.6: 

^ ^{adsorbate ) ^{substrate) ^{adsorbedsystem) ( 5 . 6 ) 

For adsoiption on metal, Hammer and Norskov [33] have proposed a model 
that can predict the adsorption bond strength based on the electronic properties of 
the metal. According to this model (Equation 5.7), three surface properties 
contribute to the ability of the surface to make and break adsorbate bonds: (1) the 
energy center s d of the J-bands. defined as the centroid of the d-type density of 
states in an atomic sphere centered at a surface atom, (2) the degree of filling / of 
the c/-bands (number of d electrons), and (3) the coupling matrix element V 
between the adsorbate states and the metal d-states: 

E^hyb=-'- 2(1-/) , ^ + 2(1 + f)aV 2 (5.7) 

\s d ~s a \ 

where Ed-hvb is the energy gained from hybridization of the adsorbate orbital with 
the metal d- band, s a is the adsorbate orbital energy (renormalized by the metal sp- 
bands), and a is a constant that is independent of the metal and depends weakly on 
the identity of the adsorbate. 

The interaction between the adsorbate states and the metal d states is an 
important part of the interaction energy, and this is attributed to the narrowness of 
the d -band and its sensitivity to the environment. In addition to the electronic 
property that affects the c/-band center, so does the geometric arrangement of the 
surface metal atoms [34]. When the structure of the surface changes, for example 
by the introduction of a step, the d -band center will alter due to a change in the 
number of metal neighbours, the metal coordination number. The general rule is 
that the lower the coordination number, the smaller the local bandwidth and the 
higher the e d . This is the origin of the reactivity difference due to the surface 
structure. 
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5.3.2 Adsorption on Transition Metals 

5.3.2.1 Oxygen Adsorption 

Experiments at the platinum-UHV interface have shown that oxygen adsorbs both 
dissociatively and molecularly on the (111) surface. Adsorbed molecular oxygen is 
found at 150K; at higher temperatures, dissociation takes place [35]. On a Pt(lll) 
surface, near-edge X-ray absorption fine structure spectroscopy (NEXAFS) [36] 
revealed a superoxo species (0 2 ). Electron energy loss spectroscopy (EELS) [37] 
showed the existence of two different 0-0 stretching frequencies. The EELS 
results were first interpreted in terns of a nonmagnetic peroxo species (0 2 ); a 
superoxo species was postulated on the basis of the NEXAFS result. The peroxo 
species is often referred to as a precursor state for dissociation. Dissociation on 
Pt(l 11) proceeds by sequential population of superoxo and peroxo precursor states. 
Atomic oxygen is the energetically most stable configuration of oxygen on a Pt 
surface. 

Computational studies of oxygen adsoiption on Pt(lll) were reported by 
Eichler and Flafner [38] with the GGA-PW91 functional and a slab model. The 
study reported two distinct but energetically almost degenerate chemisorbed 
molecular precursor state types for 0 2 on Pt(lll) at distances of 1.8 —1.9 A. The 
first type was a superoxo-like ( 0 2 ) paramagnetic precursor formed at the bridge 
site (t-b-t) with the molecule parallel to the surface (see t-b-t site in Figure 5.3): 


V 


Figure 5.3. A top view of the adsorption sites for 0 2 precursors oil transition metal (111) 
surface. (Reprinted with permission from Ye Xu and Manos Mavrikakis, J Chem Phys 116 
(2002) 10846. ©2002 American Institute of Physics.) 

The 0-0 bond length was 1.39A and the 0-0 stretching frequency was 850 
cnf 1 . The calculated adsoiption energy was 0.72eV. The second type was a 
peroxo-like () nonmagnetic precursor formed in the three-fold hollow, with the 
atom slightly canted in a top-hollow-bridge geometry (t-f-b and t-h-b sites in 
Figure 5.3). The 0-0 bond length was 1.43A for t-f-b (1.42A for t-h-b), the 0-0 
stretching frequency was 690 cnf 1 (710 cm for t-h-b), and the adsorption energy 
was 0.68eV (0.58 eV for t-h-b). 
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Sljivancanin and Hammer [39] reported oxygen dissociation at close-packed Pt 
terraces (Pt(lll)), Pt steps (Pt(211)), and Ag-covered Pt steps. With a slab model 
and GGA-RPBE functional, their investigation illustrated that the most favorable 
dissociation pathway at the terraces (Pt(lll)) is a t-f-b one. The dissociation 
energy barrier with respect to the molecular precursor states is 0.6eV. The 0-0 
bond length in the transition state (TS) is 2.4A. An alternative pathway is from t-b- 
t with a dissociation barrier of 0.9eV. On stepped Pt (Pt(211)), the chemisorption 
energy increased dramatically from O.leV at terraces to 0.9eV at steps. 
Dissociation of the 0 2 proceeded via elongation of the molecules. The 0-0 
distance at the TS is 3.0A. The TS potential energy with respect to the gas phase 
O? is O.OeV compared with 0.5eV at Pt(lll). The study also investigated the 
influence of pre-adsorbed oxygen atoms and molecules on 0 2 dissociation on a 
Pt( 111) surface. They observed no evidence of dissociation enhancement from pre¬ 
adsorbed oxygen. The study reported that at smaller distances, the 0 2 felt strong 
repulsion from pre-adsorbed species. Furthermore, the authors analysed the results 
of different Pt surfaces with a c/-band model. For Pt(lll), the surface atoms were 
nine-fold coordinated. For Pt(211), the step edge Pt atoms were seven-fold 
coordinated. The differences in the coordination caused variations in the local Pt d- 
band widths. The changes in the local electronic structure influenced the strength 
of the interaction between the surface atoms and the adsorbates. Their study 
showed that the calculated molecular potential energies for the precursor and 
transition states were well correlated to the positions of the d -band centers of the 
relevant Pt atoms, as illustrated in Figure 5.4. Thus, d -band centers could be 
employed to estimate the dissociation energy barrier. 
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Figure 5.4. The MPS potential energies (squares) and approximate TS energies (circles) as 
functions of the d-electron centers. Only similar 0 2 configurations (t-b-t) are compared [39]. 
(Reproduced from Surface Science, 515(1), Sljivancanin Z, Hammer B. Oxygen dissociation 
at close-packed Pt terraces, Pt steps, and ag-covered Pt steps studied with density functional 
theory, 235-44, 2002, with permission from Elsevier.) 
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Studies of oxygen adsoiption on other transition metals have been reported 
[40-43]. Table 5.1 summarizes the calculated molecular oxygen adsorption 
properties. 


Table 5.1. Calculated molecular oxygen adsorption properties on different transition metals a 


Adsorption 

site 

Surface 

E(eV) b 

Z(A) C 

D(A) d 

p(puf 

Ref. 

t-f-b 

Ir(lll) 

1.17 

1.75 

1.48 

0 

[40] 


Ni(lll) 

1.65 

1.62 

1.47 

0.22 

[41] 


Pd(lll) 

1.01 

1.75 

1.39 

0 

[41] 


Pt(lll) 

0.68 

1.78 

1.43 

0 

[41] 


Cu(lll) 

0.56 

1.55 

1.48 

0 

[40] 

t-h-b 

Ir(lll) 

1.18 

1.74 

1.50 

0 

[40] 


Ni(lll) 

1.67 

1.62 

1.46 

0.22 

[41] 


Pd(lll) 

0.92 

1.79 

1.41 

0 

[41] 


Pt(lll) 

0.58 

1.81 

1.42 

0 

[41] 


Cu(lll) 

0.52 

1.65 

1.44 

0 

[40] 

t-b-t 

Ir(lll) 

1.27 

1.90 

1.43 

0 

[40] 


Ni(lll) 

1.41 

1.77 

1.42 

0.44 

[41] 


Pd(lll) 

0.89 

1.91 

1.36 

0.3 

[41] 


Pt(lll) 

0.72 

1.92 

1.39 

0.4 

[41] 


Cu(lll) 

0.45 

1.88 

1.35 

0.99 

[40] 


Au(211) 

0.15 

2.07 

1.29 

1.2 

[42] 


“ Based on the DFT slab method with the GGA-PW91 functional. E(eV) adsorption energy. 
c Z distance to the surface. d D distance between oxygen atoms. e Magnetic moment. 


53.2.2 Field Dependence Adsorption 

Investigation of the electric field effect on oxygen adsoiption has been reported in 
the literature. With a cluster model, Panchenko et al. [44] showed that lowering the 
field (making it more negative) attracts the molecule to the Pt surface, lengthens 
the 0-0 adsorbate bond, and increases the charge transfer from the Pt to the anti¬ 
bonding orbital of the oxygen molecule. The effect of homogeneous electric fields 
on the adsorption energies of atomic and molecular oxygen, and the dissociation 
activation energy of molecular oxygen on Pt(lll), were reported by Hyman and 
Medlin [45]. In their study both cluster and slab models were employed. For 
cluster calculation, a finite cluster with 3 to 22 atoms was used with the 
Amsterdam Density Functional (ADF). The Pt-Pt distance was fixed at the 
experimental bulk distance of 2.772A. Calculations were performed with the GGA- 
BP86 or GGA-PW91 functional. The effect of a homogeneous electronic field was 
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modelled with fields of +0.5 and +1.0V/A applied perpendicularly to the 
surface. For slab calculations, a (2x2) Pt(lll) surface unit cell with four substrate 
layers was employed. Both frozen substrate calculations and relaxed substrate 
calculations (with the bottom two layers frozen) were executed. In agreement with 
previous studies, they found that the adsorption of both atomic and molecular 
oxygen on Pt(lll) is stabilized by negative electric fields and destabilized by 
positive electric fields, and that this is mainly due to the (de)stabilization of the 
static dipole moment. The more accurate slab calculation results illustrated that the 
adsorption energies of atomic and molecular oxygen on Pt(lll) are only slightly 
affected by the imposition of large electric fields. A modest shift in the oxygen 
dissociation barrier of approximately O.leV is predicted for the application of a 
positive electric field of 0.5 V/A. The authors suggested that the thermodynamics 
of O 2 adsoiption and dissociation are not substantially affected by the presence of 
an electric field, but that the kinetics may be altered, and the destabilization of 
adsorbate dipoles may play a certain role in controlling the mechanism of O? 
reduction at fuel cell cathodes. 

5.3.2.3 ORR Intermediate Adsorption 

Investigation of the properties of intermediate OH, OOH, H 2 O 2 adsorption on 
(111), (100), and (110) Pt surfaces have been conducted by Panchenko et al. [44]. 
Two geometrical models were used to study adsorption: slab geometiy and cluster 
geometry. The former was studied using the VASP program, the latter using 
Gaussian 98. For slab calculations, the surfaces were modeled as four-layer slabs 
having four atoms in each layer, separated by five layers of vacuum with an 
equilibrium lattice constant of 2.82A, as found from the VASP calculation. The 
study showed that atomic oxygen adsorbed most strongly on the (110) bridge site 
(adsorption energy 4.47eV) and the least strongly on the hollow (100) site, whereas 
OH adsorbs most strongly on Pt(100), with an adsoiption energy of 2.74eV at the 
bridge site, and most weakly on a Pt(lll) surface. The study implied that the 
strong adsorption of OH on Pt(100) may explain why this particular surface shows 
the lowest activity for the ORR in alkaline and perchloric acid media. They found 
that on a (111) surface, OOH has an adsorption energy of 1.07eV and an 0-0 
distance of 1.45A. On (100) and (110) surfaces the radical was found to be 
unstable and dissociated into OH ads and O ads . Their calculations illustrated that 
H 2 O 2 was not stable on all three low-index Pt surfaces and dissociated into two 
hydroxyls or a water molecule and atomic oxygen. 

Adsoiption and decomposition of OOH and H 2 O 2 on a Pt cluster were 
investigated by Wang and Balbuena [46]. Both thermodynamics and kinetics 
indicated that OOH readily decomposed into O and OH before a second electron 
transfer took place. The authors suggested that a favorable pathway for the second 
electron transfer should occur on the coadsorbed O and OH species. Based on these 
findings, the study proposed that 0 2 reduction on a Pt surface may proceed via a 
parallel pathway: the direct four-electron (with no H 2 0 2 generation) and the series 
(with generation of H 2 O 2 ) occurring simultaneously, with the direct as the 
dominant pathway. 

Study of intermediates and reaction paths for the ORR on another transition 
metal, gold, has been conducted as well [43]. In this theoretical investigation, 



Application of First Principles Methods 299 


adsorption energies and geometry specifications of various intermediates (O 2 , 
OOH, O, OH, H 2 0 2 ) on Au(100) and Au(lll) surfaces were examined. The results 
indicate that the oxygen adsoiption energies on either of the surfaces are very 
small. The relative stability of the other intermediates also suggests that on either 
of the surfaces it is thermodynamically favorable to dissociate the 0-0 bond of 
either of 0 2 , OOH, or H 2 0 2 . Thus, the relative stability of the intermediates cannot 
fully describe the observed experimental data of the structure selectivity of 
Au(lOO) and Au(lll) electrodes in alkaline solution. The study suggested that the 
activation energies of elementary steps, including the role of water, have to be 
considered in order to comprehend the mechanism. The study also showed that 
since the oxygen molecule can be easily converted to OOH, hydroperoxyl is one of 
the most important intermediates on the surface and its stability determines the 
final outcome of the reduction process. 

5.3.3 Adsorption on Bimetallic Alloys 

Platinum-based bimetallics (Pt-M, M=Ti, Cr, V, Mn, Fe, Co, Ni, Cu, etc.) have 
been shown to exhibit enhanced activity toward the ORR. Several rationales have 
been proposed [47, 48] including: enhanced chemisorption of intermediates; a 
lattice change of Pt that results in the shortening of Pt-Pt inter-atomic distances by 
alloying; the formation of skin Pt which has increased d-electron vacancy of the 
thin Pt surface layer, caused by the underlying alloy; and a redox-type process 
involving the first-row transition alloying element and the anchor effect of alloy 
metals on a carbon carrier. Theoretical studies have been conducted in an effort to 
understand the enhanced activity of the bimetallic alloys. 

The effect of an alloy on the J-band center is examined by Ruban et al. [49]. 
They reported the c/-band trends for 110 combinations of metals, based on the DFT 
method. The study revealed that the shift of the c/-band depended on the difference 
in the size of the metals, and moving a layer of one kind of metal atoms to another 
substrate had the important effect of modifying the electron density or the “size” of 
the atom. This in turn changed the center of the t/-bands. When a “small” metal 
atom is moved into the lattice of a “larger” one, the neighbours are further away 
and the d -band width at the atom becomes smaller than at the surface of the 
elemental metal. This causes an up-shift in the d -band center in order to maintain 
the same c/-band filling locally. Based on this model, for a given adsorbate, the d- 
band center controls the activity of the metal. To modify the activity of the metal, 
one can alter its surroundings. One possibility is to deposit it as an overlayer or 
alloy it into the surface layer of another metal. 

Investigation of the relationship between alloys’ electronic structure, their 
oxygen binding ability, and their ORR catalytic activity have been reported by 
several groups [50-59]. Xu et al. [51] carried out self-consistent periodic density 
functional theory calculations (GGA-PW91) to study the adsorption of atomic 
oxygen and molecular oxygen, as well as the dissociation of 0 2 on the (111) facets 
of ordered Pt 3 Co and Pt 3 Fe alloys and on monolayer Pt skins covering these two 
alloys. The paper explicitly investigated the strain effect by a 2% compression 
(corresponding to the lattice constant in Pt 3 Co and Pt 3 Fe) of the equilibrium lattice 
of Pt(lll). The study revealed that there is a linear relationship between atomic 
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oxygen binding energy and the oxygen dissociation barrier on the transition metals 
and alloys (Figure 5.5). The more strongly a material binds atomic oxygen, the 
more effective it will be in dissociating molecular oxygen. So, instead of 
conducting a complicated and expensive transition-state study, a more affordable 
atomic binding study can be used to screen for and design better oxygen reduction 
catalysts. 



-5.0 -4.0 -3.0 -2.0 -10 0.0 10 

£ b FS (eV/20) 

Figure 5.5. Binding energies of the transition states of 0 2 dissociation (f?b TS ) vs. binding 
energies of the atomic final states with respect to gas-phase 0 2 (E[, ¥S ) on the (111) facets of 
several fee transition metals and alloys. (Reprinted with pennission from Ye Xu, Andrei V. 
Ruban and Manos Mavrikakis, J Am Chem Soc 126 (2004) 4717. ©2004 American 
Chemical Society.) 

Through DFT calculations, the authors reported that Co atoms on the Pt 3 Co 
surface allowed 0 2 to dissociate more easily than on Pt( 111). The lowest activation 
energy on Pt 3 Co was 0.24 eV/0 2 compared with 0.77e V/0 2 on pure Pt, and the 
oxygen bound to Pt 3 Co more strongly (0.92 eV/0 2 and 4.29 eV/O) than it did to Pt 
(0.62e V/0 2 and 3.88e V/O). They observed that the Pt skin on top of Pt 3 Co(lll) 
was the least reactive surface in their study, in terms of oxygen binding energy 
(0.34 eV/0 2 and 3.50e V/O). Similar results were found for Pt 3 Fe(lll). The 2% 
compressed Pt surface was more reactive than the Pt skin but less reactive than the 
Pt in equilibrium geometry. The paper attributed the reduced reactivity of 
compressed Pt to the lowering of the t/-band center from the Fermi level, and 
rationalized that although the Pt skin has lower oxygen dissociation activity than 
Pt, it is more reactive for the ORR because it is less poisoned by O, and hence 
facilitates the formation of O-containing intermediates in the ORR. 

In line with this thinking is another study by Stamenkovic et al. [55], which 
examined the O adsorption ability and ORR activity of Pt 3 M (M = Fe, Co, Ni, Ti) 
systems. According to their model, Pt binds oxygen a little too strongly, and 
finding a better electrocatalyst for the ORR amounts to finding a surface that binds 
oxygen more weakly than Pt does, by about 0.2 eV. Their calculated oxygen 
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adsorption figures of Pt 3 Ms are all weaker than pure Pt and the predicted ORR 
activities are compatible with the experimental measurements. 

Zhang et al. [53] reported their study on the electrocatalytic activity of a 
platinum monolayer supported on Au(lll), Rh(lll), Pd(lll), Ru(0001), and 
Ir(lll). The authors proposed that for the ORR, an electrocatalysf s activity is 
associated with its ability to break the 0-0 bond and to form the O-H bond. A 
surface with a higher-lying center of the J-band (Ed) can bind adsorbates more 
strongly and thus catalyzes the dissociation of adsorbates more efficiently, whereas 
a surface with a low-lying s d will bind the adsorbates more weakly and thereby 
facilitate the formation of bonds amongst them. The paper reasoned that the most 
active platinum monolayer should have an Ed with an intermediate value. The study 
reported the activation energies (E a ) for 0 2 dissociation and the O hydrogenation 
reaction. Their results illustrated that the E a for 0 2 dissociation is the smallest on 
Pt ML /Au( 111) and the largest on Pt ML /Ir( 111), while the E a for the hydrogenation of 
O had the largest barrier on Pt ML /Au(l 11) and the smallest one on Pt M i/Ir( 111) 
(Figure 5.6). The activation energies on Pt(l 11) lay close to the crossing of the two 
E a trend lines. The paper suggested that the ideal catalyst should have E a values 
lying at the crossing of the two E a trend lines. They discovered that the only 
platinum monolayer that fell in the vicinity of the crossing was Pt M i/Pd(lll) 
which, according to their experiment, had an activity comparable to that of Pt(111). 



Figure 5.6. Kinetic currents (A; square symbols) at 0.8 V for 0 2 reduction on the platinum 
monolayer in a 0.1 M HC10 4 solution, and the activation energies for 0 2 dissociation (filled 
circles) and for OH formation (open circles) on Pt ML /Au(l 11), Pt(lll), Pt ML /Pd(l 11), and 
Pt ML /Ir(l 11), as functions of the calculated binding energy of atomic oxygen (BE 0 ). Labels: 
1. PtM L /Ru(0001), 2. Pt M i/Ir(lll), 3. Pt ML /Rh( 111), 4. Pt M i7Au(l 11), 5. Pt(lll), 6. 
Pt ML /Pd(l 11). (Reprinted with permission from Junliang Zhang, Miomir B. Vukmirovic, Ye 
Xu, Manos Mavrikakis, and Radoslav R. Adzic, Ang Chem Int Ed 44 (2005) 2132. ©2005 
Wiley-VCH Verlag GmbH & Co.) 
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Correlation between the calculated d -band center of Pd in palladium alloys and 
ORR activity was reported by Shao et al. [56]. The study elucidated a linear 
relationship between the O binding energies and the c/-band position of the Pd atom 
on M surfaces (M = Ru, Ir, Rh, Pt, Au) (Figure 5.7(a)). The authors discussed the 
ORR activities of these systems based on the argument that a good ORR 
electrocatalyst exhibits a moderate interaction with the adsorbates; thus, 
Pd/Ru(0001), Pd/Ir(111), and Pd/Rh(lll) are not expected to be very active 
because of their slow kinetics in breaking 0-0 bonds, whereas Pt/Au(l 11), with an 
Ed close to the Fermi level, bonds strongly with O, hindering subsequent reaction 
steps and slowing the kinetics of oxygen reduction. Pd/Pt( 111), with an Ed lying in 
the middle and therefore forming a moderate bond with the adsorbates, may be a 
good catalyst for the ORR. The plot of experimentally obtained half-wave 
potentials vs. the calculated J-band center confirms theoretical predictions (Figure 
5.7(b)) that a catalyst with a moderate Ed value has good ORR activity. 




Figure 5.7. Calculated 0 2 adsorption energies on Pd monolayers on various substrates (a) 
and half-wave potentials for the ORR on Pd monolayers on different substrates in a 0.1 M 
HCIO4 solution (b), both as a function of the calculated Pd li-band center (relative to the 
Fermi level). The Pt(l 11) data are included for comparison [56], (Reprinted with permission 
from Langmuir 2006 Dec 5;22(25): 10409—15. ©2006 American Chemical Society.) 
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Another Pd alloy study [58] was reported by Suo et al. In this study, a linear 
relationship was observed between the adsorption energy of 0 (a d S ) and the lattice 
strain ratio described by the ratio of the lattice constant of Pd. The authors 
suggested that the lattice-strain effect resulted in weakened M-0 bonding and 
increased activity for the ORR, and proposed that this relationship could serve as a 
guideline for the design of Pd alloys. The authors also pointed out that alloying Pd 
with elements of smaller atomic size would improve the ORR activity of Pd-based 
catalysts and it is possible to find Pd-based alloys that are more active than Pt, by 
reducing adsorption energy through lattice contraction. 

Study of oxygen adsorption on pseudomorphic PtRu overlayers [60] revealed 
that the properties of the PtRu overlayer systems are not intermediate between 
those of the two constituents. Rather, they bind adsorbates less strongly than the 
two elementary metals. The same observation was made in a Pd-alloy study [58]. 

A comparison study of the electronic structure properties of bulk Pt and bulk 
Pt 3 Cr, and the surface properties of a monolayer Pt skin on a three-layer Pt 3 Cr alloy 
slab with Pt(lll) modeled by a four-layer slab, was reported by Rogues and 
Anderson [61]. The study illustrated that the bulk lattice constant decreased from 
3.99 A (Pt) to 3.94 A (Pt 3 Cr) and there was electron transfer from chromium to 
platinum atoms. The study also revealed that the most stable adsorption sites for 
OH and H 2 0 at 1/4 ML coverage are one-fold atop. Subsurface Cr atoms in the 
alloy reduced the adsorption energies of both OH and H 2 0 on the Pt skin surface 
relative to Pt(lll), but the reduction for OH was greater (0.13 vs. 0.02 eV for OH 
and H 2 0 respectively). Based on an empirical model, the change in onset reversible 
potential due to alloying for the reaction 

(catalyst)-OH + H + (aq) + e~ <-» (catalyst)-OH 2 
was calculated using the following equation: 

A U° = U° (alloy)-U°(Pt) 

= hjOH) Pl - E a JOH) alhy -E ads (H 2 0) Pt + E a JH 2 0) Allo> ]/nF (5 ‘ 8) 

A positive shift of 0.11 V on the Pt skin relative to the Pt(lll) surface was 
predicted. The experiment showed a positive shift of 0.04 to 0.05 V. The study 
supports the hypothesis that there is a direct connection between the onset 
reversible potential for OH ads formation and the overpotential for 0 2 reduction on 
Pt fuel cell cathodes, and that alloying Cr with Pt reduces the overpotential. This 
approach was employed in their investigation of a Pt 3 Co system as well [62, 63], 
and a positive shift of A(7° = 0.08L was calculated for the Pt skin on Pt 3 Co(lll). 
The positive shift correlates with the experimental observation of a positive shift in 
the onset potential for formation of OH ads on the alloy, relative to the Pt catalyst, at 
around 0.8 V and suggests that the improvement with the Pt 3 Co alloy can be 
attributed to this positive onset potential shift, which thereby allows 0 2 to adsorb at 
higher potentials and reduces the overpotential for 0 2 reduction. Subsequent 
experimental study [59] confirmed that fractional coverage by OH ads is reduced on 
a Pt 3 Fe skin and Pt skeleton surface, compared with pure Pt. The Tafel slope and 
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the activation energies are almost identical for the ORR on pure Pt, Pt 3 Fe skeleton, 
and Pt 3 Fe skin. The reaction mechanism - a “series 4c reduction” - is the same. 
The activity of the ORR increases in the order Pt < Pt-skeleton < Pt-skin. The 
experimentally measured c/-band center demonstrated that the average energy of 
the d states is different and downshifted on Pt electronically modified by 
subsurface Fe, which means that the fractional coverage by OH ads is reduced on 
these surfaces compared with pure Pt. 

In another experimental and theoretical investigation consisting of a monolayer 
of Pt or mixed monolayer of Pt and another later transition metal (Au, Pd, Ir, Ru, 
Rh, Re, or Os) deposited on a Pd(lll) single crystal or on carbon-supported Pd 
nanoparticles [54, 64], superior activity was observed for several of these catalysts 
and was attributed to low OH coverage on Pt, caused by the lateral repulsion 
between the OH adsorbed on Pt and the OH or O adsorbed on neighbouring late 
transition metal atoms (other than Pt). The study illustrated a correlation between 
measured kinetic current density and DFT-calculated effective repulsion energy 
between two OH ads or an O ads (Figure 5.8). 



OH OH or OH O repulsion / eV 

Figure 5.8. Kinetic current densities at 0.80 V as a function of the calculated interaction 
energy between two OHs, or OH and O in a 2x2 unit cell, relative to the corresponding 
interaction on Pt ML /Pd(l 11) for several mixed monolayers at a Pt/M ratio of 80/20. Positive 
(negative) energies indicate more (less) repulsive interaction between adsorbed OHs, 
respectively, compared to Pt ML /Pd(l 11) [64], (Reprinted from Electrochimica Acta, 52(6), 
Vukmirovic MB, Zhang J, Sasaki K, Nilekar AU, Uribe F, Mavrikakis M, et al. Platinum 
monolayer electrocatalysts for oxygen reduction, 2257-63, ©2007 with pennission from 
Elsevier.) 
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Hyman and Medlin also examined intermediates’ adsoiption on model Pt(lll)- 
alloy surfaces [65]. Their study illustrated that the primary mechanism of OH 
destabilization on a Pt/Pt 3 M surface is due to compressive strain, which also 
destabilizes adsorption of all of the intermediates. This is consistent with the study 
on Pd alloy [58]. Whereas shifts in binding energy due to strain correlate well for 
all of the intermediates examined, shifts in O adsorption energy resulting from 
ligand contributions were found not to correlate with the other intermediates. The 
authors also pointed out that the adsoiption energy of oxygenate intermediates does 
not depend solely on the d -band center of the surface, but is also dependent on the 
electron density near the Fermi level. 

In an attempt to develop a rapid screening tool for catalyst selection, Greeley 
and Norskov [66] proposed a general scheme for the estimation of oxygen binding 
energies on binary transition metal surface alloys. The scheme incorporates the 
effects of chemical composition, strain, and ligands through a single parameter, the 
surface t/-band center. For the large majority of alloys investigated, the scheme 
could reproduce the full DFT calculations quite well, indicating that the surface d- 
band center is a parameter of considerable descriptive power for the analysis of 
adsorption on surface alloys. The authors pointed out that the simple scheme failed 
for some systems, thus indicating that other parameters, such as the shape of the d- 
band, together with changes in the role of s and p electrons, can be important in 
certain cases. 

The effect of carbon support upon the catalysts (Pt/C and Pt 3 Fe/C) was reported 
by Wei et al. [67]. In this investigation, the DFT method was applied with the 
B3LYP functional. A cluster model consisting of carbon atoms and Pt or Fe on the 
three major surfaces, (100), (110), and (111), of Pt and Pt 3 Fe was used to simulate 
the carbon supported Pt catalysts. The authors found that the Pt 3 Fe/C alloy catalyst 
had a lower total energy compared with Pt/C. The adhesion force between the 
Pt 3 Fe alloy catalyst and the C was stronger than that seen between the Pt catalyst 
and the C substrate. The enhanced catalysis effect of Pt 3 Fe was confirmed by an 
increase in the HOMO energy of the carbon-based catalyst that enhanced the 
electron donating ability of the catalyst, and by the weakening of 0-0 bond 
strength. So carbon, together with the second metal, participated in the 
modification of Pt catalytic properties. 

In summary, the d -band center, which is sensitive to the electronic and 
geometric properties of its neighbours, is a very descriptive parameter in the study 
of metal and alloy adsorbates interactions. The c/-band center has been successfully 
employed to correlate catalyst activity with various properties and guide the fine- 
tuning of catalysts. However, as pointed out by Greeley, Norskov, Hyman, and 
Medlin [66, 65], other parameters, such as the shape of the d- band, s and p 
electrons, and the electron density near the Fermi level, can be important in certain 
cases. The different activities demonstrated by different catalyst surfaces originated 
primarily from the difference in adsorption strengths toward 0 3 and ORR 
intermediates. Weak adsorption with OH is associated with better ORR activity. 
The enhanced activity of alloys can be attributed to accelerated 0 3 dissociation, or 
less intermediate blocking, or reduced overpotential. These fundamental concepts 
offer the possibility of designing better ORR electrocatalysis. 
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5.4 Activation Energy 

The activation energy for the elementary electron transfer step is a key to 
understanding the electrocatalyzed reaction mechanism. Experimentally measured 
activation energy usually corresponds to the activation energy of the rate 
determining step. For a multi-electron transfer reaction, identifying the rate 
determining step is a challenge. Even for the one-electron transfer hydrogen 
evolution reaction (HER), a consensus has not been reached on the predominant 
reaction mechanism [68]. Computation modelling is a viable tool, offering 
quantitative description of elementary steps that are inaccessible for experiments. 
Several theoretical models to account for electron transfer process have been 
developed since the initial work by Gurney [69-76] (see [2, 77, 78] and the 
references therein). Bockris and Abdu [79] reported the first theoretical prediction 
of activation energy for the first step of the ORR, based on Gurney’s model. 
Anderson and Albu [80, 81] introduced another approach, called local reaction 
center electron transfer theory, to evaluate the potential dependence of redox 
activation energy. In this model, the formation of an electronic equilibrium 
between the transition state complex and the electrode at each potential U is 
assumed and a pre-exponential factor is not treated. In this section, we will present 
their approach to evaluate potential dependence activation energy and show 
examples of their studies. 

5.4.1 Computational Method 

In Anderson and Albu’s approach, the electrode is modeled by a donor D, with an 
ionization potential (IP) for a reduction reaction or an electron acceptor A, with an 
electron affinity (EA) for an oxidation reaction. Suppose that D (or A) is able to 
exchange an electron with a reaction center R, which has an electron affinity 
EA(R) dependent on its structure. Due to thermal fluctuations, R will pass through 
structures for which its electron affinity matches the electron chemical potential of 
the donor. For these structures, it is assumed that electron transfer takes place by 
radiationless tunnelling, 

D + R’ —>■ D + + R’“ (5.9) 

where R’ stands for the reactant in this activated structure. Following electron 
transfer, the reaction can continue to form the reduction product. 

The electron chemical potential of the electrode is the negative of the 
thermodynamic work function, (p 

p = -tp (5.10) 

The energy of R is dependent on structure, as is its electron affinity, which is 
determined by the energy difference between the energy of R and the energy of R 
with the same structure. The calculations in the study proceeded by identifying 
structures where EA(R’) = p(D) and searching for the one having the lowest 
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energy. For ORR systems, this structure also corresponds to the transition state, 
because of the bond order changes accompanying the electron transfer. The 
transition state energy minus the reactant energy yields the activation energy that is 
predicted by this approach. Since such transition states are at the intersection of 
two energy surfaces, they are not characterized by saddle points with negative 
second derivatives, as is the case for transition states over a fixed electronic state 
energy surface. Because the donor is isolated from the reduction center, it need not 
be explicitly present in the energy computation and no explicit donor is used in the 
present work. An automated program was developed that increased the efficiency, 
capability, and accuracy of the method [82]. 

5.4.2 Example Calculations 

Anderson and Albu reported potential dependent activation energies for the 


following four elementary steps: 

Ozfe) + H + (aq) + e~ (U) —> H0 2 »(aq) (5.11) 

H0 2 »(aq) + H + (aq) + c (U) —> H 2 0 2 (aq) (5.12) 

H 2 0 2 (aq) + H + (aq) + e“ (U) -A HO(g) + H 2 0(aq) (5.13) 

HO(g) + H + (aq) + e“ (U) -A H 2 Q(aq) (5.14) 


The MP2/6-31G** method is employed. The solvated proton was modeled 
with three water molecules (H 3 0 (H 2 0) 2 ). Using three bond lengths as varying 
parameters (see Figure 5.9) and keeping the rest at initial optimized reactant 
complex geometiy, the authors explored the potential energy surface of each of the 
elementary reactions and calculated their corresponding EAs. 
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Figure 5.9. Structure of the reaction complex and definition of variables optimized. The 
hydrogen peroxide molecule is shown as an example. (Reprinted with permission from 
Alfred B. Anderson and Titus V. Albu, J. Am. Chem. Soc. 121 (1999) 11855. ©1999 
American Chemical Society.) 
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The transition state was identified as the one with the lowest energy in the 
system that had electron affinity equal to (4.6 eV (the hydrogen reference 
electrode) + the potential of the electrode). For example, for the elementary 
Reaction 5.11, the transition state structure at potential 0.727 V is located by 
identify the minimum potential energy structure of the (OO...H + ...e-) system, 
which has an EA = 4.6 + 0.727 = 5.327 eV. This identified transition state structure 
has an 0-0 bond length of 1.2576 and an FI + -0 bond length of 1.09 A. The 
activation energy at this electrode potential is the energy difference between this 
identified structure and the reactant system, which is 0.924 eV for this reaction. 
Similarly, the transition state structures for Reactions 5.12, 5.13, and 5.14 were 
identified at an electrode potential of 0.727 eV, and the activation energies for 
these steps were 0.226, 1.514, and 0.002 eV, respectively. 

In this study, the activation energies corresponding to electrode potentials of 0- 
2 V (standard hydrogen electrode) were investigated. The results indicated that 
H 2 O 2 reduction (Reaction 5.13) had the highest activation energy. These results 
were consistent with experimental observation of H 2 O 2 generation over weakly 
interacting electrodes such as mercury and gold. The study also revealed that the 
activation energies increased as the electrode potential increased. The activation 
energies for the four steps are, in order: third step (Equation 5.13) > first step 
(Equation 5.11) > second step (Equation 5.12) > fourth step (Equation 5.14). Based 
on these numbers, the authors proposed that an efficient four-electron reduction 
catalyst must activate the first and third reduction steps without deactivating the 
other two steps. An electrode surface that stretches the HO-OH bond will increase 
its electron affinity and catalyze the reaction. Surfaces that stabilize the adsorbed 
reduction products through strong bonding are likely to lengthen the 0-0 bond and 
increase its electron affinity, and hence reactivity. 

In a subsequent paper [77], Anderson et al. reported the effect of platinum on 
oxygen reduction using a similar MP2 method. A single platinum atom was used 
for coordinating with 0 2 , H0 2 «, H 2 0 2 and HO»: 


Pt-0 2 + H + (aq) + e“ (U) ->• Pt-OOH (5.15) 

Pt-OOH + H + (aq) + e~ (U) Pt-(OHOH) (5.16) 

Pt-OHOH + H + (aq) + e“ (U) Pt-OH + H 2 0 (5.17) 

Pt-OH + H + (aq) + e“ (U) Pt-OH 2 (5.18) 


With this simple model, the study found that binding the Pt atom to the one- 
electron reduction reactants 0 2 , H0 2 », and H 2 O 2 stretched 0-0 bonds. The effect 
was largest in the order H 2 O 2 > O 2 > HCfi*. The Pt atom had a significant effect on 
the most difficult reduction step, the reduction of HOOH to HO» + H 2 0 (Equation 
5.17). The activation energy for this step was reduced by about 1 eV over the 0-2 
V potential range. The activation energy for the first electron transfer (Equation 
5.15) was reduced substantially as well, and the activation energy for the second 
step, OOH reduction to H 2 0 2 (Equation 5.16), was decreased. However, the 
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bonding of OH to Pt increased the activation energy of the fourth step: OH 
reduction to H 2 0 (Equation 5.18) (see Figure 5.10): 



0 0.4 0.8 1.2 1.6 2 

U(V) 

Figure 5.10. Activation energy for the four steps of oxygen reduction to water as a function 
of electrode potential, U. Heavy lines connect points with species undergoing reduction 
bonded to a platinum atom. Dotted lines connect points with no bonding to the platinum. 
The same key applies to both sets of curves. (Reproduced by permission of ECS—The 
Electrochemical Society from Anderson AB, Albu TV, Catalytic effect of platinum on 
oxygen reduction.) 

At 1.25 V potential, with oxygen binding to a one-fold site in an end-on 
configuration, the calculated activation energy for the first-electron transfer step 
was 0.43 eV compared, with the experimental result of 0.44 eV for clean platinum 
in weak acid at 1.23 V. 

The same team [83] further studied oxygen reduction when oxygen bonded to 
Pt dual sites. Using the B3LYP functional, a platinum dimer, Pt 2 , with the bulk 
distance of 2.775 A was used to provide one- and two-fold bonding sites for 
coordinating 0 2 , HOO», HO», and O*. 

The study observed that the 0 2 adsorption energy for one-fold end-on was 0.43 
eV and for two-fold was 0.94 eV. Two-fold bonded oxygen was more stable than 
one-fold. The dissociation energy for two-fold bonded 0 2 was 0.74 eV, while the 
activation barrier for the first reduction step to OOH was less than 0.60 eV at 1.23 
V electrode potential. In other words, the first electron transfer has a smaller 
barrier than that of 0 2 dissociation. Furthermore, the dissociation barrier for the 
first electron transfer product OOH was much smaller, 0.06 eV. So, the authors 
concluded that 0 2 did not dissociate before the first reduction step, and OOH easily 
dissociated once formed after the first electron transfer step. The paper also 
demonstrated that the electronic field of the proton increased the electron affinity 
of the reactant complex and therefore facilitated the reaction. Thus, they proposed 
that for oxygen reduction on Pt in acid, proton transfer would be involved in the 
rate determining step because of the ability of its electric field to enhance the 
electron attracting capability of the surface-coordinated 0 2 . The authors concluded 
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that the first electron transfer was the rate determining step. Their calculated 
activation energy for this step was 0.60 eV at 1.23 V potential, which is close to 
the experimental value of 0.44 eV. 

The theoretical predicted activation energies were compared in a later paper 
with experimental data for platinum alloys [84]. Overall agreement between the 
theoretical prediction and the measured current density was observed, which 
suggested that (i) the first electron-reduction step, forming OOH ads , is the rate- 
limiting step, and (ii) the active catalyst sites for the various catalyst systems are 
similar and the presence of alloying atoms adjacent to the active site does not 
dramatically affect the activation energy. 

Other methods for calculating the activation energies of the ORR have been 
reported in the literature. Based on the linear Bronsted-Evans-Polanyi relationship, 
Norskov et al. [85] proposed a method to estimate the least activation energy by 
calculating the stability of the reaction intermediate. With this simple model, the 
study reported a Tafel slope of 60 mV at 300 K (71 mV at 357 K). The value was 
consistent with experimental results. 

Wang and Balbuena [86] performed an AIMD study of the first electron 
transfer step O 2 + H + (H 2 0)3 /Pt(lll) at 350 K. For the initial configuration, the 
oxygen was placed parallel to the Pt(lll) surface at a distance of 3.5A, while the 
hydrated proton (H + (Fl20)3) was 2.55 A farther away from the 0 2 . With this model, 
they discovered that the proton transfer took place first, then end-on chemisoiption 
was observed, which induced the electron transfer from the slab. Finally, the FI-O- 
O-Ptn dissociated into H-O and O without a clear barrier. 

To account for the electronic field, the authors modeled the 0 2 + I i (FFOf + 
e"/Pt( 111) system. The study observed that at first the proton transfer intermediate 
was formed rapidly, similar to results reported by Jinnouchi et al. [87], then end-on 
chemisorption and electron transfer proceeded. The formation of the end-on 
chemisorption precursor H-O-O-Pt had an energy barrier of about 0.4 eV. They 
suggested that the mechanism for the first electron transfer involved: 1) proton 
transfer; 2) electron transfer; 3) dissociation and hydroxyl adsorption (Figure 5.11): 
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Figure 5.11. Proposed mechanism for the first electron transfer of the ORR. (Reprinted with 
permission from Yixuan Wang and Perla B. Balbuena, J. Phys. Chem B. 108 (2004) 4376. 
©2004 American Chemical Society.) 
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Hyman and Medlin [88] reported an activation barrier for O 2 protonation and 
OOH dissociation. Using an H5O2+ cluster to simulate the acid solution, the study 
showed that O 2 protonation has a more stable precursor and lower activation 
barrier (0.07 eV) than 0 2 dissociation (0.22 eV). Comparison of the two pathways 
suggested that 0 2 protonation preceded dissociation in the oxygen reduction 
reaction. 

In summary, theoretical predicted activation energies are in line with 
experimental numbers. Activation energy studies suggest that with Pt as the 
catalyst, proton transfer precedes 0 2 dissociation and is involved in the rate 
determining step of the oxygen reduction reaction. Without catalysts, the third- 
electron transfer step has the largest activation energy, followed by the first- 
electron transfer step. An efficient ORR catalyst should activate the first- and third- 
electron transfer steps. 


5.5 Thermodynamic Properties: Reversible Potential and 
Reaction Energy 

In discussions of electrochemical reactions, redox potentials and reversible 
potentials are essential information. In this section, example applications of 
reversible potentials and reaction thermodynamics in the study of the ORR 
mechanism are provided and information pertinent the ORR reaction mechanism is 
discussed. 

5.5.1 Reversible Potential 

Reversible potential shift in the formation of OH from H 2 0 in acid solution was 
reported by Roques and Anderson [62]. They presented a model that can calculate 
the shift of reversible potential between two unlike catalyst compositions, using the 
relationship between the Gibbs free energy for a reduction reaction and the 
reversible potential. For the OH ( . 1(ls) formation reaction 

OH + H + + e (U°) H 2 0 (5.19) 

the reversible potential can be calculated as 

U°=-AG°/nF (5.20) 

where AG°is the free Gibbs energy change of Reaction 5.19, n is the number of 
electrons involved in the reaction, and F is the Faraday constant. 

In their model, the Gibbs energy change is replaced by the reaction energy, E r 
plus a constant c, representing the missing terms PAV and TAS, to give the 
working formula: 


U° =-(£,. hiF)-4.6V + c 


(5.21) 
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The value of-4.6 V in Equation 5.21 relates the energy of an electron at 0 V on 
the electrochemical scale to its -4.6 eV value on the physical (vacuum) scale (with 
a standard hydrogen electrode). The value of the constant c was found by fitting 
known redox reactions involving H x O v species in acid solution. For OH reduction 
on a catalyst surface, Equation 5.19 takes the form: 

(catalyst)-OH + H + + c (U°) <-> (catalyst)-OH 2 (5.22) 

The change in reaction between Equation 5.22 and 5.19 with a Pt slab as 
catalyst is 


A E r = [E(OH) + E(Pt slab ) - E{Pt slab - OH)] - [E(H 2 0) + E(Pt slab ) - E(Pt slab - H 2 0)\ 

= E a JOH) Pl -E a JH 2 0) Pl (5.23) 

where E ads (OH) Pt and E ads (H 2 0)p t are the respective adsorption energies of OH and 
H 2 0 on the Pt slab. Assuming the constant c is unchanged, the reversible potential 
for Equation 5.22 is: 

U °(Equation 5.22) = U °(Equation 5.19)- AE r / nF 

= U °(Equation 5.19 ) + [E ads (H 2 0 Pt - E ads (OH) Pl ]/nF 

With Equation 5.24, we can calculate a useful approximation of the reversible 
potential on a specific catalyst surface using the adsorption energies of each 
species involved in the reaction, if we know the reversible potential of a redox 
reaction in aqueous solution, or we can calculate the shift of the onset reversible 
potential between two unlike catalyst surface compositions if the absolute 
reversible potential in aqueous phase for a specific redox reaction is not known. 
For example, the change in onset reversible potential due to a Pt surface and an 
alloy will be 

A U° = U° (alloy)-U°(Pt) 

= [E a JOH) Pl - E a JOH) AUoy - E ads (H 2 0) Pl + E a JH 2 0) All J! nF (5.25) 


With this model, the paper investigated the cobalt concentration effect in Pti_ 
x Co x on the reversible potential for Reaction 5.19. The paper reported that OH ads 
formation depended significantly on the sub-surface composition, and alloying 
platinum with cobalt led to an increasingly positive shift of the reversible potential 
for forming OH ads . Since there is a direct connection between the decrease of the 
overpotential for 0 2 reduction and the positive shift of the onset reversible 
potential for forming OH ads , the study suggested that alloying more Co with Pt 
would enhance the reduction in overpotential. However, beyond 75% cobalt 
concentration in the Pti_ x Co x catalysts, the effect of alloying is essentially 
unchanged. 
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5.5.2 Reaction Thermodynamics 

Norskov et al. [85, 89] proposed a method for estimating the thermochemistry of 
electrochemical reactions by calculating the stability of the reaction intermediate. 

According to this model, the free energy change of an electrochemical reaction 
can be calculated as follows: 

1) Simplify the electrochemical reaction by relating the chemical potential for 
(H + + c ) to that of 1/2 H 2 in the gas phase. At standard conditions (U = 0, pH = 0, 
p = 1 bar, T = 298 K), the free energy change for the reaction *AH —» A + H + + e~ 
can be calculated as the free energy change for *AH —» A + 1/2H 2 , where * stands 
for an active site. 

2) The free energy change is calculated by A G 0 = A E + AZPE + TAS . The 

reaction energy AE and AZPE are obtained from DFT calculation. TAS is obtained 
from standard tables for gas phase molecules. 

3) The effect of the electrode potential is accounted for by -eU, where U is the 
electrode potential relative to the standard hydrogen electrode, A G v = -eU . 

4) The pH correction to the free energy is evaluated by the concentration 
dependence of the entropy: 

AG p „(pH) = -kTx\n[H + ] = kTx In 10x pH (5.26) 

where k is Boltzmann’s constant and T is temperature. 

The total reaction free energy is given by 

A G(U, pH, p H2 = 1 bar, T ) = A G 0 + A G v + AG pH (5.27) 


The effect of a local electric field can be evaluated by adding the term AG flM 

to Equation 5.27. This term accounts for the change in reaction energy caused by 
the electric field and is obtained by varying the external electric field in the density 
functional theory calculations. 

With this method, the authors investigated the ORR through two possible 


mechanisms: an “associative” mechanism 

0 2 + 4H + + 4e~ —» OOH* + 3H + + 3e~ (5.28) 

OOH* + 3H + + 3e~ -> H 2 0 + O* + 2H + + 2e~ (5.29) 

and a dissociative mechanism, 

0 2 + 4H + + 4e~ —» 20* + 4H + + 4e~ (5.30) 

20* + 4H + + 4e~ —> OH* + O* + 3H + + 3e~ (5.31) 
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OH* + O* + 3H + + 3e~ -> H 2 0 + O* + 2H + + 2<z (5.32) 

The study showed that at a high potential region, two effects of the electric field 
are notable: 0 2 TS is destabilized by about 0.1 eV and OH is stabilized by the same 
amount. The first effect shifts the mechanism to the associative pathway, since the 
barrier for 0 2 dissociation will increase as an effect of the electric field. Thus, at a 
potential around 0.9 V, the associative mechanism determines the top of the 
volcano. The second effect, the stabilization of OH at positive potentials, makes 
OH on the surface the most stable intermediate (see Figure 5.12). Therefore, the 
authors argued that the coverage effect of OH should be included in a kinetic 
model, but not that of O. Nevertheless, due to the correlation between the binding 
energies of O, OH, and OOH, it should be possible to construct the volcano plot 
using the adsorption energy of any of these adsorbates. Figure 5.13 demonstrates 
the trend in the oxygen reduction activity as a function of oxygen binding energy 
for U = 0.0, 0.75, and 1.23 V. The authors concluded that the overall activity trend 
did not change significantly when electric field effects were taken into account. 
However, for accurate predictions at oxygen reduction potentials close to the 
volcano top, local electric field effects may be important. 


Potential U / V 

- 1.0 0.0 10 



Figure 5.12. The change in adsorption energy for O, OH, and OOH as a function of the 
electric field strength [89], (Karlberg GS, Rossmeisl J, Norskov JK. Estimations of electric 
field effects on the oxygen reduction reaction based on the density functional theory. Phys 
Chem Chem Phys 2007;9(37):5158—61. Reproduced by permission of The Royal Society of 
Chemistry.) 
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Figure 5.13. Trends in the oxygen reduction activity as a function of the oxygen binding 
energy for U = 0.0, 0.75, and 1.23 V, including and excluding local electric field effects 
[89], (Karlberg GS, Rossmeisl J, Norskov JK. Estimations of electric field effects on the 
oxygen reduction reaction based on the density functional theory. Phys Chem Chem Phys 
2007 ;9(37): 5158—61. Reproduced by permission of The Royal Society of Chemistry.) 

A reaction thermodynamics study of a group of chemical and electrochemical 
reactions was conducted by Gu and Balbuena [90] to determine the relative 
stability of Pt atoms and other transition metal atoms (Ir, Pd, Rh, Ni, and Co) 
toward the dissolution reactions in an acidic environment. The study demonstrated 
that thermodynamically favorable dissolution reactions are electrochemical, and 
involve adsorbed oxygenated compounds that are intermediate species of the ORR. 
Iridium is found to be the most stable among the various pure metals, in 
comparison with Pt. Alloys of Pt - M (M = Ir, Pd, Ru, Co) cause a decrease in Pt 
stability against dissolution, while Pt-Ni alloy does not affect Pt stability. 
Comparing the relative stabilities to a given dissolution reaction of Pt and another 
metal species in the same alloy cathode catalyst, Ir and Co are found to be more 
stable than Pt in Ptlr and PtCo. 

The same group also reported thermodynamic analysis of the reactivity of 
Pt x Pd v alloy clusters [91]. The analysis was performed on the basis of the 
thermodynamics of two reactions: the first consists of the first electron and proton 
transfer to 0 2 in the presence of the metal, yielding adsorbed hydroperoxyl radical 
OOH; the second reaction is a combination of the last three electron and proton 
transfers to adsorbed O and OH species, yielding water. It is demonstrated that as 
the concentration of Pd increases, the change of Gibbs free energy for the first 
electron transfer step becomes increasingly favorable. This is due largely to 
increased binding energies for OOH. To favor the second reaction, the adsoiption 
strength of O and OH should be intermediate so that O and OH can be further 
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reduced to water. It was found that Pt 3 Pd 7 favored the two reactions. Based on this 
thermodynamic analysis, the authors concluded that Pt 3 Pd 7 clusters should act as 
better catalysts for the ORR. 

In summary, simplified procedures have been developed to calculate the 
thermodynamic properties of electrochemical reactions. These procedures are 
useful in providing trends in relative activity. One direction for improving Pf s 
catalytic activity is to positively shift the onset reversible potential for OH ads 
formation from H 2 0, through alloying. Electric field effects the ORR pathways and 
at a high potential (V = 0.9 V), the associative pathway dominates. An electric 
field, however, does not have a significant influence on the ORR activity trend. 


5.6 Study of Non-noble Catalysts 

Development of non-precious metal oxygen reduction catalysts is crucial for the 
commercialization of fuel cell technology, due to the limited abundance and high 
cost of Pt. For decades, research on non-precious metal ORR catalysis was limited 
mainly to transition metal macrocyclic complexes and chalcogenides. Major 
drawbacks of these systems are low activity and, especially, instability. Heat 
treatment of transition metal macrocyclic complexes improves their stability. 
However, under fuel cell operating conditions, the stability is still far from 
satisfactory. Improving both the stability and the activity of non-precious metal 
ORR catalysts are major challenges. In this section, theoretical studies of non¬ 
noble ORR electrocatalysis are presented. These examples employ properties 
evaluation introduced in previous sections, and provide information regarding 
ORR mechanisms. 

Oxygen electroreduction on Fe(II) and Fe(III) coordinated to N 4 chelates 
(Fe(NH 2 ) 2 (NH 3 ) 2 ) were studied by Anderson et al. [92] using the DFT method. In 
this study, reversible potentials for the following steps were evaluated: 

F 4 Fe-OH 2 + 0 2 + H + (aq) + e (U) ~ F 4 Fe-OOH + H 2 0 (5.33) 

U° = 0.91 (0.01) V 

F 4 Fe-OOH + H + (aq) + e~(U) ~ F 4 Fe-(OHOH) (5.34) 

U° = 0.96 (1.83) V 

F 4 Fe-OOH + H + (aq) + e~(U) ~ F 4 Fe-0 + H 2 0 (5.35) 

U° = 0.44 (1.24) V 

F 4 Fe-0 + H + (aq) + c (U) ^ F 4 Fe-OH 
U° = 2.96 (2.26) V 


(5.36) 
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L 4 Fe-(OHOH) + H + (aq) + e (U) <->• L 4 Fe-OH + H,0 (5.37) 

U° = 2.43 (1.67) V 

L 4 Fe-OH + H + (aq) + c (U) <-► L 4 Fe-OH 2 (5.38) 

U° = 0.64 (1.44) V 

The values in brackets are for Fe(III), while those without brackets are for Fe(II). 

The study discovered that the binding energy with 0 2 was 0.12 eV for Fe(II) 
and 0.06 eV for Fe(III), while the binding energy with F1 2 0 was 0.10 eV for Fe(II) 
and 0.53 eV for Fe(III). So, 0 2 was able to displace F1 2 0 from Fe(II) but not from 
Fe(III). Compared with Fe(III), Fe(II) formed a strong bond with OOFI and a weak 
bond with FI 2 0. The combination of the two resulted in a total 0.90 eV higher 
reversible potential for Fe(II) (Equation 5.33). Thus, Fe(II) was favored over 
Fe(III) in the first electron transfer step and Fe(II) was the active site for four- 
electron reduction of oxygen by iron. 

The paper further revealed that the reduction on Fe(II) of OFI, formed from 
water oxidation, had a reversible potential of 0.64 V for Fe(II) (Equation 5.38), 
which was about the same as that calculated for 1-fold bond Pt (0.61 V at the 
B3LYP level). The paper suggested that the Fe-OFI formation contributed to the 
observed overpotential on iron macrocycles in the same way that it did for the 
platinum electrode. In comparison with Pt, the paper concluded, the important 
difference was the hydrogen bond interaction between (OFIOFI) bonded to Fe(II) 
and a nitrogen lone-pair orbital in the N 4 chelate. This interaction prevented 
hydrogen peroxide from leaving as a two-electron reduction product and provided 
a path for reduction to water. 

Theoretical modeling of a Co 9 S 8 system is reported by Sidik et al. [93], In this 
study, three surfaces of Co 9 S 8 were evaluated for their possible catalytic activity 
toward the ORR. The adsorption energies of reactants, reaction intermediates, and 
products in both 0 2 reduction and water oxidation in acid were calculated. The 
results indicated that the sulfur-rich (002) surface has the right properties for two- 
electron ORR. The H 2 0 and 0 2 adsorption energies are very close to those on Pt, 
and the OH adsoiption bond is weaker than that on Pt. The end-on adsoiption 
orientation for 0 2 on the isolated Co sites on this surface is more stable. This 
should lead to peroxide formation, and it precludes four-electron reduction to 
water. Thus, a (002) surface is a proposed candidate for the observed peroxide 
generation on Co 9 S 8 . 

Based on the adsorption bond strengths of the reactants, intermediates, and 
products for water oxidation and 0 2 reduction, the study implied that the partially 
OH-covered (202) surface of Co 9 S 8 should be active toward 0 2 reduction and water 
does not block active sites on this surface. It also showed O bonding to S, a non- 
metallic surface site. The study suggested that experimental characterization of the 
surfaces of Co 9 S 8 oxygen cathodes would be worthwhile. 
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Figure 5.14. The H (first number) and OOH (second number) radical adsorption bond 
strengths (eV) on the pure graphite sheet, C 42 H 16 . The * indicates that the calculations for 
that site did not converge [94], (Reprinted with permission from J Phys Chem B 
2006;110(4): 1787—93. Copyright 2006 American Chemical Society.) 

Theoretical and experimental study of oxygen reduction to peroxide on graphite 
and nitrogen-doped graphite was reported by Sidik et al. [94] The paper reported 
an oxygen reduction onset potential for nitrided Ketjenblack at 0.5 V (SHE) and 
for untreated carbon at 0.2 V. Adsorption energies for H, OOH, and H 2 0 2 on the 
radical sheet cluster C 4 iNHi 6 and on C 42 H , f) were calculated, and reversible 
potentials for the oxidation of H and 0 2 reduction intermediates were evaluated. 
For undoped graphite, based on OOH adsorption energy, a reversible potential of 
0.311 V is predicted for the formation of OOH on site c (see Figure 5.14) and this 
is attributed to the cause of the observed current onset potential on Ketjenblack. 

For graphite nitride, using the site with OOH bond strength of 0.891 eV (the 
site adjacent to N in Figure 5.15), reversible potentials of 0.845 and 0.545 V were 
predicted for the first and second electron-transfer steps. The second potential 
matched the observed current onset potential for H 2 0 2 generation on nitrogenated 
Ketjenblack. The results showed that carbon radical sites which formed adjacent to 
substitutional N in graphite are active for 0 2 electroreduction to H 2 0 2 in acid 
electrolyte, and this may explain the catalytic effect observed for nitrided carbon. 
The weak catalytic effect of untreated carbon can be attributed to the weaker 
bonding of the OOH ads reaction intermediate to H-atom-terminated graphite edge 
sites. Substitutional N atoms that are far from the graphite sheet edges will be more 
active, and those that are close to the edges will be less active. 
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Figure 5.15. OOH adsorption bond strengths (eV) to C 4 )NH 16 as a function of position. The 
* indicates that the calculations for that site did not converge [94], (Reprinted with 
permission from J Phys Chem B 2006;110(4): 1787—93. Copyright 2006 American Chemical 
Society.) 



(» 

Figure 5.16. Positions of Fe atoms on the edge of nitrogenated graphene: (i) Fe bond sites a, 
b, c; (ii) models of nitrided graphene edge being passivated by hydrogen atoms and bonded 
with Fe. Here Fe is coordinated with three NH 3 ligands [95], (Reprinted with permission 
from J Phys Chem B 2006;! 10(9):4179—85. Copyright 2006 American Chemical Society.) 





The active-site structure of the heat-treated Fe-N 4 system is an unresolved 
issue. Jain et al. [95] carried out a DFT study to elucidate the structure of Fe-based 
electrocatalysts. In this study, lowest energy configurations for the incorporation of 
nitrogen in bulk on a graphene sheet as well as on the edge were determined. It was 
found that substitution of nitrogen in bulk on a graphene sheet is endothermic. On 
the edge, however, the results depend on the presence/absence of hydrogen. While 
in the absence of hydrogen the substitution is exothermic, in the presence of 
hydrogen the substitution is endothermic. It is concluded that the majority of added 
nitrogen atoms on a graphene sheet are likely to reside at the edges rather than the 
interior sites of the graphene. Energies of various configurations for the 
incorporation of iron on the edge of the nitrided graphene sheet were also 
examined. Energetically, when there is no hydrogen passivation on the graphene 
edge, iron prefers to bond with nitrogen and a carbon atom. When the nitrided 
graphene edge is passivated by hydrogen, iron prefers to bond with two nitrogen 
atoms (Figure 5.16[i], site a). 

An active site theoretical study for cobalt-graphite-nitride systems was reported 
by Vayner and Anderson [96]. In this study, the adsoiption energies of ORR 
intermediates and products were calculated. The linear Gibbs free energy 
relationship was employed to calculate the reversible potential for each of the 
electron transfer steps. The calculations illustrated that a bare graphite edge with 
one N atom is inactive (Figure 5.16(a)) toward the two- and four-electron reduction 
of oxygen. This is based on the calculation result that at potentials greater than 0.3 
V, N is not hydrogenated and is not active for 0 2 reduction because OOH bonds 
too weakly, while at potentials lower than 0.3 V, for which N is hydrogenated and 
becomes a radical center, the NH edge is not active for 0 2 reduction because OOH 
bonds too strongly, resulting in a high overpotential for its reduction to H 2 0 2 on 
this site. Whether other configurations of substituting N atoms, such as two or 
more on adjacent edge sites, are active for oxygen reduction is not explored in this 
paper. Over a Co site bridging two N atoms substituting for CH on an edge (Figure 
5.17 b, c, d, e), the onset formation potential for OOH ads is about 0.4 V for Co 0 , 0.8 
V for Co 11 in the form of Co(OH) 2 , 0.7 V for Co 11 in the form of H 2 0-Co(OH) 2 , and 
0.7 V for Co 111 as Co(OH) 3 . Later electron transfer steps have higher predicted 
reversible potentials. Thus, two forms of attached Co 11 and attached Co 111 are 
predicted to have oxygen reducing capability. For the H 2 0-Co(OH) 2 site, the 
H 2 0 2a d S bonds more strongly than H 2 0, which implies that H 2 0 2 can remain at the 
site for further reduction into water. For the Co 111 site, H 2 0 2a< j s bonds more weakly 
than H 2 0, which is consistent with Co 111 sites providing a route for hydrogen 
peroxide generation, and H 2 0 may poison the site. A water molecule bonds to each 
of the Co centers but most weakly in the case of H 2 0-Co(OH) 2 , which suggests this 
cobalt center is least likely to be poisoned by a strongly held water molecule. The 
catalyst is not expected to be stable, as the cobalt complexes are weakly bonded to 
the graphite edge N atoms with binding energy in the range 0.9 to 1.5 eV (1.28 eV 
for Co 0 , 0.84 eV for Co 1 , 1.02 eV for Co 11 , 1.47 eV for Co n OH 2 , and 1.17 eV for 
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Figure 5.17. Structures of cobalt-graphite-nitride systems [96], (Reprinted with permission 
from J Phys Chem C 2007;! 11(26):9330-6. Copyright 2007 American Chemical Society.) 





322 Z. Shi 


DFT studies of iron-porphyrin and (imidazole) iron-porphyrin were reported by 
Tsuda et al. [97]. Investigation of cobalt- and iron-substituted phthalocyanine and 
porphyrin systems was conducted by Shi and Zhang [98]. In this study, the 
dioxygen binding mode, energy, charge, and ionization potential (IP) of these 
catalysts were investigated. The effects of the central metal, ligand, and 
substituents on the catalyst’s dioxygen binding ability and catalytic activity were 
discussed. The general activity trend observed for phthalocyanines and porphyrins 
was rationalized with the calculated properties. The study indicated that calculated 
cobalt systems can form stable end-on dioxygen adducts while side-on adsorptions 
were not stable. These findings explained the observed two-electron ORR 
mechanism of these systems. The study also discussed the electronic structure 
difference between these systems and hence their ORR activity. 

The general activity trend observed for phthalocyanines and porphyrins is 
rationalized with the calculated properties. It has been illustrated that the catalyst’s 
oxygen reduction activity is related to its ionization potential and dioxygen binding 
ability. This is consistent with Radin and Beck’s redox mechanism, i.e., the rate 
determining step is M(III) + e“ —> M(II). In terms of ionization potential, for 
porphyrin derivatives, the central metal affects its ionization potential greatly; in 
other words, the electron can be considered extracted from an orbital which has 
major contributions from the central metal d orbital. Thus, cobalt porphyrin 
derivatives usually have higher IP values than the corresponding iron porphyrin 
derivatives. For phthalocyanine systems, the central metal has no significant effect 
on IP because the electron is extracted from an orbital, which is mainly a ring 
orbital. Therefore, the difference in ionization potential between cobalt and iron 
phthalocyanine systems is usually small (< 0.13 eV) for the reported systems. 
Cobalt porphyrin derivatives have high ionization potentials that make them better 
catalysts than the corresponding iron derivatives, whereas for phthalocyanine 
systems, iron derivatives have large ionization potential and better dioxygen 
binding ability, which make them good catalysts. 

Theoretical modeling of oxygen reduction by cobalt hydroxide and 
oxyhydroxide was reported by Wass et al. [99]. The reduction reaction was 
initiated by adding an electron with O 2 present at the Co(II) site. This produces a 
superoxide ligand, which upon protonation is able to undergo further reduction to 
HOC as Co(III) is formed at the site. Adding a second electron leads to detachment 
of HOC as Co(II) is restored (Figure 5.18). 

Four-electron reduction of 0 2 over multiple Cu(I) centers was tested through 
theoretical study [100] (see Figure 5.19). In this study, Cu and Cu+ centers, with 
and without N-bearing ligands and ending with one, two and three H 2 N-Cu- 
imidazole Cu 1 centers, were investigated. Through calculation of bond strength and 
reverse potential, the study demonstrated that the reduction potential for OH 
bonded to the model is higher than that calculated for Pt; H 2 0 bonds weakly to the 
Cu(I) centers and does not poison them. And, loosely coordinated Cu(I) centers 
present opportunities for four-electron oxygen reduction at low overpotential. 
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Figure 5.18. Proposed redox cycle for the electrocatalytic reduction of oxygen to hydrogen 
peroxide on Co(II) hydroxide [99]. (Reprinted from Journal of Electroanalytical Chemistry, 
599(2), Wass Tobias Johnsson JR, Panas I, Asbjomsson J, Ahlberg E. Quantum chemical 
modelling of oxygen reduction on cobalt hydroxide and oxyhydroxide, 295-312, ©2007 
with permission from Elsevier.) 
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Figure 5.19. Structure of the FEN-Cu-imidazole model for the Cu 1 sites in laccases [100], 
(Reprinted from Journal of Electroanalytical Chemistry, 607(1-2), Vayner E, Schweiger H, 
Anderson AB. Four-electron reduction of CE over multiple CUI centers: quantum theory, 
90-100, ©2007 with permission from Elsevier.) 


In summary, for non-Pt catalysts, elucidating the active site structure is a 
challenge. Theoretical modeling has supplied valuable structural information, 
facilitating our basic understanding of active site structures. Theoretical modeling 
is a viable tool in screening potential catalysts and in the novel design of new 
catalysts. 
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5.7 Summary 

The application of first principles methods to the study of electrocatalysis in fuel 
cells has gained significant momentum in recent years. Browse any issue of a 
journal with theoretical electrochemistry content and you will notice a few 
theoretical study articles. Theoretical modeling in electrochemistry has certainly 
reached the stage at which it “can begin to complement experimental methods, and 
provide insight into the atomic scale features that control the chemistry at the 
aqueous/metal interface” [101]. 

Among the computational approaches, study of adsorption abilities (reactant, 
intermediate, and product) is the most widely employed approach in understanding 
catalyst activity and the design of electrocatalysts. The interaction between catalyst 
and reaction species governs the reaction, and adsorption energy is relatively easier 
to compute than reaction energy and activation energy, especially the latter, which 
is computationally expensive. 

Theoretical procedures have provided quantitative predictions about elementary 
processes and offered invaluable insights for our basic understanding of the oxygen 
reduction reaction mechanism, especially our understanding of catalyst active site 
structures, elementary reaction kinetics, thermodynamics, and energetics. These 
fundamental advances have been employed to fine-tune catalyst activity and design 
new catalysts. Efforts have been made to correlate catalyst structures with catalyst 
activity. These structural properties include adsorption energy, activation energy, 
J-band center, and ionization energy. The identification of structural properties that 
are responsible for catalyst activity is crucial for the rational design of catalysts and 
the further development of virtual high throughput catalyst screening, which has 
recently been successfully employed in HER catalyst screening [102]. Theoretical 
studies of catalyst stability, another very important issue in catalyst design, are 
emerging as well. Study of the effect of catalyst support is limited and more 
research in this direction is needed. Theoretical computation has demonstrated a 
unique capability in providing a basic understanding of the reaction mechanism. 
No doubt, the endeavors of theoretical modeling combined with experimental 
study will accelerate the development of new catalysts. 
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Catalyst Contamination in PEM Fuel Cells 
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6.1 Introduction 

The effects of impurities on fuel cells, often referred to as fuel cell contamination, 
is one of the most important issues in fuel cell operation and applications. 
Contamination is closely associated with proton exchange membrane fuel cell 
(PEMFC) durability and stability, both of which are important factors in the 
development and commercialization of PEMFC technology. Studies have 
identified that the membrane electrode assembly (MEA), the heart of the PEMFC, 
is the fuel cell component most affected by contamination. Impurities in the air and 
fuel streams damage the MEA by affecting both the anode and cathode catalyst 
layers (CLs), the gas diffusion layers (GDLs), as well as the proton exchange 
membrane (PEM), causing MEA performance degradation or even fuel cell failure. 
In general, PEMFC contamination effects can be categorized into three major 
types: (1) kinetic losses caused by the poisoning of both anode and cathode catalyst 
sites or a decrease in the catalyst activity; (2) ohmic losses due to an increase in the 
resistance of membrane and ionomer, caused by alteration of the proton 
transportation path; and (3) mass transfer losses due to changes in structure and in 
the ratio between the hydrophobicity and hydrophilicity of CLs, GDLs, and the 
PEM. Among those effects, the most significant is the kinetic effect of the anode 
and cathode electrocatalysts. This chapter presents PEMFC contamination with a 
focus on the anode and cathode catalyst layers. Catalyst contamination 
mechanisms, experimental results, modeling, as well as mitigation strategies are 
also covered in detail. For further information, such as contamination effects on 
other parts of PEMFCs, the reader is referred to a recent review paper [1]. 


6.2 Anode Catalyst Layer Contamination 

The dominant type of PEMFC is the hydrogen/oxygen fuel cell, in which the anode 
is fed by hydrogen and the cathode is fed by oxygen or air. In this section, we will 
focus our attention on anode catalyst contamination caused by impurities in the 
hydrogen stream. 
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Due to the high cost and the difficulties associated with hydrogen production, 
infrastructure, as well as onboard storage, it is not practical to run PEM fuel cells 
with pure hydrogen for either mobile or stationary applications. Therefore, 
alternative carbon-based fuels such as natural gas, methanol, gasoline, and diesel, 
are attractive and practical options to produce hydrogen onboard as a direct fuel for 
PEMFCs through reformation processes [2-4]. These reformation processes 
produce a hydrogen-rich reformate gas comprising some 40-75% hydrogen, 15— 
25% CO 2 , and 1-2% CO [2-7]. In practice, although the CO is always removed 
through a series of clean-up processes including the water-gas shift reaction, 
selective oxidation, or a membrane reactor, a trace amount of CO is often present, 
which can have an unacceptable negative effect on the performance of a PEMFC. 
In addition to CO x (C0 2 and CO), hydrogen produced by the reformation process 
also contains impurities such as sulfur compounds, including FES and sulfur 
organics. 

The inevitable existence of hydrogen fuel impurities is a severe hindrance upon 
PEMFC performance, prompting intense research activities into the investigation 
of anode contamination. In fact, the research on contamination of anode catalysts 
has been more active than that on the contamination of cathode catalysts due to the 
catastrophic poisoning of the platinum anode by CO at a level of even 50 ppm, or 
more severely by FES at a level of just 20 ppb. In particular, CO poisoning has 
been and still is one of the most extensively studied PEMFC research topics, due to 
the high incidence of FE production through the reformation processes; more than 
130 publications on this subject have been issued since the 1980s. 

CO strongly adsorbs on the Pt catalyst surface, competing for the available 
active Pt sites of hydrogen adsorption and electrooxidation. Experimental tests 
with PEMFCs indicate that more than 10 ppm CO in the fuel stream can cause a 
significant cell performance loss, especially during low-temperature operation, i.e., 
<100 °C. Several strategies have been developed to mitigate CO poisoning, such 
as using CO-tolerant PtRu alloy catalyst, introducing a small amount of oxidant 
(for example, air or oxygen) into the fuel stream, and operating the PEMFC at 
elevated temperatures (> 120 °C) [1]. Because of the huge influence and 
prevalence of CO poisoning, a separate chapter in this book is assigned specifically 
to the effect of CO on PEMFC catalysts. Therefore, we exclude CO contamination 
from this chapter and only discuss anode contamination caused by impurities other 
than CO, namely C0 2 and FES. 

6.2.1 Impacts of Carbon Dioxide 

C0 2 , as a by-product in the production of hydrogen-rich reformate gas, exists at a 
concentration level of more than 25% in the produced gas [8]. Experimental results 
suggest that C0 2 has significant poisoning effects on fuel cell performance, 
especially at higher current densities. As shown in Figure 6.1, for a PEMFC 
catalyzed by pure Pt at the anode, with a load of 0.35 mg Pt cnf 2 and with 20% 
C0 2 content in the fuel stream, a performance loss of about 47% can be observed 
at 0.6 A cnf 2 [8]. This C0 2 poisoning effect is due to the in situ production of CO 
from C0 2 on the platinum surface through either the reverse water-gas shift 
reaction (Equation 6.1) or the electrochemical reduction of C0 2 (Equation 6.2). 
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The subsequent adsorption of produced CO on the active platinum sites could 
block the reaction sites for hydrogen oxidation, causing a performance drop. 
According to thermodynamic calculations [9], in a common reformate gas that 
contains about 25% CO? approximately 20-100 ppm CO in equilibrium 
concentrations can be produced simply from the reversed water-gas shift reaction. 
Even at a low C0 2 level of 1%, enough CO can be produced to poison more than 
50% of the Pt surface sites at normal PEMFC operating conditions, resulting in 
significant cell voltage losses [10, 11]. As seen in Reaction 6.1, since C0 2 can 
react with the pre-adsorbed hydrogen, any factor that affects the pre-adsorption of 
hydrogen could influence the reaction between C0 2 and hydrogen, thus affecting 
the CO? poisoning. For example, C0 2 poisoning is sensitive to the nature of the 
anode catalyst materials [12], the operational temperature of the PEMFC, as well 
as the water content in the fuel stream [9]. In addition, the presence of both CO and 
CO? has a synergetic poisoning effect on cell performance. For instance, for a 
PEMFC catalyzed with a PtRu anode catalyst (1 mg cnf 2 ) at 80 °C, 100 ppm CO 
in the fuel stream could cause a cell performance loss of about 200 mV at a current 
density of 170 mA cnf 2 as compared with a pure hydrogen fuel stream. When 25% 
CO? was added into this 100 ppm CO-containing fuel, a further performance drop 
of about 200 mV was observed at the same current density [13]. 

C0 2 +2Pt-FI ads -^Pt-CO ads +H 2 0 + Pt (6.1) 

(reverse water-gas shift reaction) 

2Pt + CO, + H + + e ^ Pt - CO ads + Pt - OH ads (6.2) 



Figure 6.1. Effect of CO? concentration on PEM fuel cell performance. Catalyst loadings 
for both anode and cathode are 0.35 mg Pt cm 2 ; Nafion 105 membrane; fuel cell 
temperature r ce ii = 60 °C and pressure P= 1.5 bar [9]. (Reprinted from Journal of Power 
Sources, 110(1), de Bruijn F. A., Papageorgopoulos D. C., Sitters E. F. and Janssen G. J. M., 
The influence of carbon dioxide on PEM fuel cell anodes, 117-24, ©2002, with pennission 
from Elsevier.) 
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6.2.2 Impacts of Hydrogen Sulfide (H 2 S) 

Hydrogen sulfide, as a fuel impurity, causes much greater PEMFC anode 
degradation than CO, mainly through the poisoning of the catalyst. For example, as 
shown in Figure 6.2, at 0.6 A cnf 2 and 60 °C, 30 ppm H 2 S causes a cell voltage 
drop of about 130 mV (equivalent to 19%) within one hour of operation, compared 
with a cell voltage drop of about 30 mV (equivalent to 4.5%) caused by 30 ppm of 
CO. When the H 2 S concentration is increased from 30 ppm to 50 ppm, the cell 
voltage drop within one hour can be increased to 310 mV. Obviously, H 2 S 
poisoning is a strong function of concentration and exposure time [14]. 
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Figure 6.2. Comparison of the effects of CO and H 2 S on PEMFC performance. Both anode 
and cathode catalyst loadings: 0.4 mg cm 2 Pt/C; Nafion 212 membrane; cell temperature: 
60 °C; current density: 0.6 A cm 2 [14], (Reprinted from International Journal of Hydrogen 
Energy, 32, Shi W, Yi B, Hou M, Shao Z, The effect of H 2 S and CO mixtures on PEMFC 
performance, 4412-17, ©2007 with pennission from Elsevier.) 

Similar to CO, H 2 S also strongly adsorbs on the Pt catalyst, competing for the 
active sites with hydrogen adsorption and hydrogen oxidation. In aqueous solutions 
containing H 2 S, the adsorption of H 2 S, HS", and H + occur through the following 
reactions [15, 16]: 


Pt + H 2 S —> Pt - H 2 S ads 

(6.3) 

Pt + HS ^Pt-HS^ 

(6.4) 

Pt + H + —» Pt + -H ads 

(6.5) 
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where Pt 1 represents an equivalent charge on the Pt surface. Reactions 6.4 and 6.5 
result in an electrochemical potential, which may cause the following dissociative 
adsorption: 

2Pt + H 2 S —» Pt — SH ads + Pt - H ads (6.6) 

The dissociative potentials of H 2 S on Pt are about 0.4 V at 90 °C, 0.5 V at 60 °C, 
and 0.6 V at 30 °C [17]. Following the dissociative adsorptions, oxidation of the 
adsorbed SH and H 2 S occurs to form platinum sulfide [16]: 

Pt-SH n —» Pt-S + nH + +ne~ (n= 1 or 2) (6.7) 

The adsorption rate, coverage, and stability of H 2 S species are strongly affected by 
temperature [18]. It is known that the adsorbed H 2 S and SH are highly unstable on 
Pt, while the adsorbed S and H are the most stable intermediates on Pt [19]. The 
formation of the sulfide film on the platinum surface not only causes poisoning of 
the catalyst surface but also makes it impossible for the fuel cell to recover from 
contamination [17, 20, 21]. 



Figure 6.3. Effect of current density oil performance degradation during exposure to 20 ppm 
H 2 S in the H 2 stream. Anode catalyst loading: 0.3 mg cm 2 Pt/C; cathode catalyst loading: 
0.5 mg cm 2 Pt/C; Nafion 212 membrane; cell temperature: 70 °C [17]. (Reprinted from 
Journal of Power Sources, 164(1), Shi Weiyu, Yi Baolian, Hou Ming, Jing Fenning, Yu 
Hongmei and Ming Pingwen, The influence of hydrogen sulfide on proton exchange 
membrane fuel cell anodes, 272-7, ©2007, with permission from Elsevier.) 

Studies show that the severity of the H 2 S poisoning depends not only on the 
concentration of H 2 S, as mentioned above, but also on current density and cell 
temperature. However, the H 2 S poisoning does not seem to be noticeably affected 




336 H. Li, C. Song, J.L. Zhang and J. Zhang 


by anode humidification [17]. Figure 6.3 shows the effect of current density on cell 
performance. After exposing the anode to 20 ppm FFS for 1 hour, the cell 
performance decreases by 2% at 200 mA cnf 2 as compared to 17% at 500 mA cm' 2 
and 35% at 800 mA cm' 2 . Figure 6.4 shows the effect of temperature on cell 
performance with 10 ppm and 20 ppm H 2 S present in the fuel stream, respectively. 
After the anode is exposed to 10 ppm FFS for 3 hours, the cell performance 
degrades by 45% at 35 °C, 32% at 60 °C, but by only 25% at 90 °C, indicating that 
the H 2 S poisoning rate decreases with increasing temperature. 



Figure 6.4. Effect of temperature on cell perfonnance deterioration during exposure to (a) 
10 ppm and (b) 20 ppm FLS/Fb at 0.5 A cm 2 [17]. (Reprinted from Journal of Power 
Sources, 164(1), Shi Weiyu, Yi Baolian, Hou Ming, Jing Fenning, Yu Hongmei and Ming 
Pingwen, The influence of hydrogen sulfide on proton exchange membrane fuel cell anodes, 
272-7, ©2007, with permission from Elsevier.) 
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6.2.3 Impacts of Ammonium (NH 3 ) 

Ammonium (NH 3 ) is present in the hydrogen-rich fuel stream, either due to the use 
of NH 3 as the hydrogen carrier [22], or because the reforming process involves 
homogeneous pre-combustion with air [23], or because the fuel itself contains 
nitrogen-containing species [24]. NH 3 in the fuel stream of a PEMFC, even at the 
level of a few ppm, can cause significant cell performance loss [25]. It has been 
identified that the presence of NH 3 in a PEMFC system can degrade cell 
performance mainly by increasing membrane conductivity through the NH 3 
reacting with protons in both the bulk membrane and the ionomer in the catalyst 
layer [25, 26]: 


NH,(gas) —> NH 3 (membrane) 

(6.8) 

NH 3 (membrane) + H + —> NH^ 

(6.9) 


The effect of NH 3 on the hydrogen oxidation reaction (HOR) has not been fully 
identified. Uribe et al. [25] reported that NH 3 did not adsorb significantly on Pt 
surface sites, thus not affecting the HOR. But Halseid et al. [27] observed that the 
presence of NH 3 shifted the potentials of the hydrogen adsorption process on a Pt 
surface in aqueous solutions. Clearly, more work is required to understand the 
effect of NH 3 on the HOR. 

6.2.4 Modeling of the Contamination of the PEMFC Anode Catalyst 

Modeling of fuel cell contamination serves as an important tool in fundamentally 
understanding contamination mechanisms, predicting performance degradation and 
durability, and developing mitigation strategies. Due to the dominance of CO 
poisoning in PEMFC contamination, most of the reported modelling studies have 
focused on CO, and mainly on the steady-state CO poisoning effect [28-30]. A 
general and complete kinetic model for the contamination of the PEMFC anode 
catalyst has been developed by Zhang et al. [31], and can be used for all impurities 
present in the fuel streams. In this model, the following reactions are used to 
describe the surface and electrochemical processes at the anode for a general 
contaminant, P: 


k 

Pt + H, c>Pt-H, (6.10) 

klb 

Pt - H 2 + Pt c> 2Pt - H (6.11) 

^2b 


k 3f =exp(a 3 n 3 Fr| a /RT) 

Pt-H <^> Pt-P + H + +e 

k 3b =exp(-(l-a 3 )n 3 Ft| a /RT) 


( 6 . 12 ) 
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Figure 6.5. Modelled data and experimental results. Top: current density = 0.5 A cm -2 ; 
bottom: current density = 1.0 A cm 2 [33], (Reproduced by permission of ECS—The 
Electrochemical Society, from Shi Z, Song DT, Zhang JJ, Liu ZS, Knights S, Vohra R, et al. 
Transient analysis of hydrogen sulfide contamination on the performance of a PEM fuel 
cell.) 


L, 

P + Pt<^Pt-P 

Lb 


(6.13) 


k 5f =exp(a 5 n 5 Fr| a /RT) 

P + Pt-H o Pt-P + H + + e~ (6.14) 

Lb =exp(-(l-Oj tnjFri./RT) 


K 6f 

P + Pt-H, <=>Pt-P + H 7 

Lb 


(6.15) 
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k 7f =exp(a 7 n 7 Ft| a /RT) 

Pt-P + mH,0 <=> Pt-P +qH + + qe~ (6.14) 

k, b =exp(-(l-a 7 JnjFri./RT) 


k !f =exp(a g n 8 Fri I /RT) 

Pt-P + mH.,0 Pt + P +qH + +qe~ (6.16) 

k 8b =exp(-(l-a, )n g Fii,/RT) 


where P is the product of the electrochemical oxidation of impurity P, a 3 5 7> g are 
the electron transfer coefficients for individual electrochemical half-cell reactions, 
and r| a is the anode overpotential. Reactions 6.10-6.12 are the mechanism for 
hydrogen oxidation, in which the slow dissociative chemical adsoiption of 
adsorbed H 2 has been considered the rate determining step for H 2 oxidation [28, 
32]; Reactions 6.13-6.15 are the surface adsorption and surface electrochemical 
reactions of the impurity P; Reaction 6.15 or 6.16 is the oxidation of adsorbed 
contaminant on the Pt surface, resulting in a product that could be either a surface 
adsorbed species (Pt-P) or a soluble species (P). In the case that P is not 
electrochemically active, Reactions 6.15 and 6.16 would be removed from the 
proposed mechanism. From these proposed reaction mechanisms, the fuel cell 
current density expression as a function of anode and cathode is derived, and 
several characteristics, such as performance loss, contamination transient time 
constant, and recovery are introduced to the model, which enables it to predict 
performance degradation and recoverability. 

Based on the above general model, Shi et al. [33] has proposed a transient 
kinetic model to describe the contamination of the PEM anode catalyst layer by 
H 2 S present in the fuel feed stream. Figure 6.5 shows the model-predicted cell 
voltages in comparison with experimental results. It can be seen that their model 
provides an excellent fit with the experimental results. 

6.2.5 Mitigation of Anode Contamination 

Mitigation of anode contamination has so far mainly focused on CO, and 
mitigation strategies for other contaminants were not reported. For CO mitigation, 
four strategies have been developed: CO-tolerant catalysts, Pt alloy catalysts, 
air/oxygen bleeding, high operation temperature, and pre-treatment of the 
reformate, among which, the pre-treatment of the reformate or the fuel is the most 
feasible way to mitigate other contaminants such as NH 3 and H 2 S. Further studies 
on this issue are needed. 


6.3 Cathode Catalyst Layer Contamination 

The slow kinetics of the cathode oxygen reduction reaction (ORR) plays the key 
role in limiting PEMFC performance when pristine hydrogen is used as the fuel. 
Therefore, improving the catalytic activity for the ORR has drawn most of the 
research attention in catalysis studies. Cathode contamination has attracted less 
attention compared with anode contamination, and only a limited number of papers 
have been published. Pollutants in air include NO x (N0 2 and NO), SO x (SO? and 
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SO3), NH 3 , 0 3 , and some volatile organic species (VOCs) such as toluene. The 
major sources of these contaminants are vehicle exhaust, industrial emissions, and 
agricultural activities. In special cases such as military applications, battlefield 
contaminants released from either chemical warfare or normal warfare, or both, 
should also be considered. These contaminants include Sarin, sulfur mustard, 
cyanogen chloride, hydrogen cyanide, and so on, which could cause significant 
irreversible performance drops. Since NO x and SO x are the main air pollutants, in 
this section we will mainly discuss NO x and SO x contamination. Contamination 
caused by other pollutants will also be touched upon. 

6.3.1 SO x Contamination 

Sulfur oxides, in particular S0 2 , are common air contaminants resulting from fossil 
fuel combustion and other human activities. They can be found in high 
concentrations in urban areas with heavy traffic, areas with agricultural activities, 
or close to some chemical plants. When the air stream of the fuel cell contains 
acidic impurities such as SO„ the pH inside the MEA is decreased, resulting in free 
acids in the MEA and causing potential shifts. SO* can also adsorb on the Pt 
surface, competing with oxygen adsoiption and leading to performance 
degradation. This section will focus on contamination by SO, (mainly from S0 2 ) at 
the cathode side of PEMFCs. 

6.3.1.1 The Effect of SO x on Fuel Cell Performance 

A trace of S0 2 can cause a significant degradation in PEM fuel cell performance. 
As shown in Figure 6.6 [34], after the PEM fuel cell was exposed to 1 ppm S0 2 /air 
for 100 hours at 70 °C at a current density of 0.5 A/cm 2 , 35% degradation in cell 
performance was observed, with a cell voltage decrease from 0.68 V to 0.44 V. 



Figure 6.6. Constant-current discharging curve of the PEMFC during running with 1 ppm 
S0 2 /air for 100 hours at 70 °C. Current density: 0.5 A cm 2 [34], (Reprinted from Journal of 
Power Sources, 166(1), Jing Fenning, Hou Ming, Shi Weiyu, Fu Jie, Yu Hongmei, Ming 
Pingwen and Yi Baolian, The effect of ambient contamination on PEMFC performance, 
172-6, ©2007, with permission from Elsevier.) 
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The fuel cell performance degradation appears to be a function of SCK 
concentration in the air stream. A 78% cell performance decrease was observed for 
air containing 5 ppm SO 2 , while a 53% decrease was observed for air containing 
2.5 ppm S0 2 at the same applied dosage [35]. There was no detrimental effect on 
cell performance with 500 ppb S0 2 in the air stream [36]. The poisoning effect of 
SO 2 on fuel cell performance also depends on the operating cell voltage. The lower 
the cell operating voltage, the greater is the effect of the poisoning [37]. The fuel 
cell operating temperature, pressure, and relative humidity might also have an 
impact upon the poisoning effect of S0 2 . However, to date there is no published 
work investigating these issues. 

6.3.1.2 The Mechanism ofS0 2 Contamination 

The SO* (mainly SO 2 ) in the air stream can cause degradation in fuel cell 
performance by poisoning the catalyst sites, changing MEA properties such as 
hydrophilicity/hydrophobicity, and then affecting water management. The major 
effect is believed to be poisoning of the catalyst sites, thereby decreasing catalytic 
activities. 

Table 6.1. Pt/VC mass activities at 0.9 V as a function of 0 s> i (sulfur coverage) [41], 
(Reproduced by permission of ECS—The Electrochemical Society, from Garsany Y, 
Baturina OA, Swider-Lyons KE. Impact of sulfur dioxide on the oxygen reduction reaction 
at Pt/Vulcan carbon electrocatalysts.) 


Sulfur coverage 

Mass activity 

% Mass 

Overpotential /V 

(0s,i) 

(A/mgr,) 

activity 

(j= 1.5 ma/cm 2 ) 

0 

0.16 

100 

0.92 

0.012 

0.11 

69 

0.90 

0.14 

8.01xl0“ 3 

5 

0.81 

0.37 

1 . 71 X 10” 4 

0.11 

0.69 

1 

8 . 76 X 10- 4 

0.56 

0.54 


Cycle voltammetry (CV) studies [34, 35] revealed that there were some sulfur 
species on the surface of the Pt catalyst during the S0 2 poisoning process. The S0 2 
adsorbed on the Pt surface was reduced electrochemically to sulfur through the 
formation of an SO intermediate, as shown in Reactions 6.17 and 6.18 [35, 38]. 
The end products of S0 2 adsorption on a Pt electrode are linearly and bridge 
adsorbed sulfur [39]. 

Pt + S0 2 +2H + +2e~ -» Pt-S0 + H 2 0 (6.17) 


Pt-SO + 2H + +2e~ —>Pt-S + H 2 0 


(6.18) 
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Studies [40, 41] also indicated that S0 2 poisoning had a great effect on the kinetics 
for the ORR, and would change the ORR mechanism when the sulfur coverage 
reached a certain level. The reaction pathway of the ORR was changed from a 4- 
electron to a 2-electron process on the Pt/Vulcan carbon catalyst as well as the 
Pt 3 Co/Vulcan carbon catalyst when the sulfur coverage levels on the Pt surfaces 
reached levels of 37% [41] and 96% [40], respectively. Table 6.1 shows that when 
the sulfur surface coverage on the Pt surface was 1.2% and 14%, 31% and 95% 
losses of Pt mass activity were obtained, respectively. 

6.3.1.3 Recoverability of Fuel Cell Performance After SO x Contamination 

The fuel cell performance could be partially recovered after SO 2 poisoning if the 
cell voltage was set at open circuit voltage (OCV) [37, 42]. Operating a fuel cell 
with pure air [34] and CV scanning [34, 35] after the contamination source was cut 
off were also proven to be two ways of partially recovering performance. 
Performance recovery can be attributed to the electrochemical oxidation of 
adsorbed S0 2 at high potential. Mangun and Debarr [43] suggested that due to the 
presence of delocalized electrons at the edge sites of carbons where oxygen can 
chemisorb, the absorbed S0 2 can react with the oxygen to form S0 3 , which then 
reacts with water to form ITSO 4 . Therefore, the reactions of adsorbed S0 2 on the 
Pt/C electrocatalyst surface can be described by Reactions 6.19 and 6.20 [34, 43]: 

2Pt - S0 2 + 0 2 + 4e~ —> 2Pt - S0 3 (6.19) 

2Pt - S0 3 + 2H 2 0 —> H 2 S0 4 + Pt (6.20) 

Based on the assumption that one atom of sulfur gets bound onto the surface atom 
of Pt, Loucka [44] suggested that the adsorbed sulfur could be oxidized by 6 
electrons to S0 3 or S0 4 2 ", according to Reaction 6.21 or 6.22: 

Pt -S ads + 3H 2 0 S0 3 + 6 H + + 6 e' + Pt (6.21) 

Pt - S ads + 4H 2 0 SO J" + 4H + + 2e' + Pt (6.22) 

However, complete performance recovery would not occur because the absorbed 
sulfur species could not be completely desorbed by either pure air operation or CV 
scanning. The remaining species could still occupy the active sites of the Pt 
electrocatalyst. 

6.3.1.4 Mitigation ofSO x Contamination 

Since fuel cell performance cannot be totally recovered after SO, poisoning, it is 
critical to prevent the cathode from SO* contamination in the air stream. 
Unfortunately, to date few studies have addressed the mitigation of SO* 
contamination at the cathode side. Two methods deal with air contamination of 
fuel cells: increasing catalyst tolerance to impurities [45] and/or filtering 
contaminants from the air [46-48]. A Pt-Fe phosphate catalyst (Pt-FePO) was 
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recently developed [45] that has strong tolerance to air impurities (such as CO and 
SO 2 ). However, because a variety of contaminants exist in the air, developing new 
catalysts seems to be difficult, time consuming, and possibly expensive. Therefore, 
the more effective and easier method for preventing fuel cells from contamination 
seems to be the adsorptive filtration of contaminants from the air. However, 
optimization of the filter design requires a methodology incorporating air 
properties, fuel cell attributes, and design options. On the other hand, due to the 
low concentration of SO v in the air (< 0.1 ppm), designing and fabricating such air 
filters is extremely challenging. Although the incorporation of a filter into a fuel 
cell system will increase the burden of the system due to the air pressure drop 
across the filter, filtering is still the most feasible way to remove SO, from air. An 
example is shown in Section 6.3.2.4. 

6.3.2 NO x Contamination 

N O x is one of the main air pollutants, emitted mainly from internal combustion 
engine vehicles. The NO* concentration in air fluctuates, especially in an urban 
environment. During rush hour traffic, the NO x concentration is much higher than 
at other times of the day. The concentration change may result in confusion during 
fuel cell evaluation when comparing data obtained at different sites or different 
times on the same day. 

6.3.2.1 The Effect ofNO x on Fuel Cell Performance 



Current density / mA cm 2 


Figure 6.7. Polarization curves for different concentrations of NO r . Cell temperature: 60°C, 
H 2 /air (1.2/3.3); relative humidity: H 2 95% and air 0%; backpressure: 1.5 atm [49]. 
(Reprinted from Electrochimica Acta, 51(19), Yang Daijun, Ma Jianxin, Xu Lin, Wu 
Minzhong and Wang Haijiang, The effect of nitrogen oxides in air on the performance of 
proton exchange membrane fuel cell, 4039^14, ©2006, with permission from Elsevier.) 
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Small amounts of NO x can cause fuel cell performance drops. Knights et al. [21] 
found that a NO x concentration of even 115 ppb could cause a cell performance 
drop of more than 25 mV at 0.175 A/cm 2 . They also found that as NO x 
concentration increased, cell voltage drop also increased accordingly [21]. Mohtadi 
et al. [35] found that the performance decay was increased as NO x concentration 
was increased from 2.5 to 5 ppm, and Yang et al. [49] reported that when NO x 
concentration was increased from 10 to 1480 ppm, the performance dropped 
significantly, as shown in Figure 6.7. 

The relationship between the voltage drop and NO x concentration is somewhat 
complicated. Knight et al. [21] found that the voltage dropped linearly as the NO x 
concentration was increased from 0.016 to 0.115 ppm. However, in the 
concentration range of 2.5 and 5 ppm, and 10 to 1480 ppm, a linear relationship 
was not observed. One possible reason is that this relationship is dependent on the 
NO x concentration range. To obtain a clear understanding, further research is 
needed. 

Although the PEMFC contamination caused by NO x was reported for a wide 
range of NO x concentrations (from 16 ppb to 1480 ppm) [21, 34, 35, 49, 50], it is 
difficult to draw a general conclusion about NO x contamination because the results 
in the literature were obtained under different conditions. 

6.3.2.2 Recoverability of Fuel Cell Performance after NO x Contamination 
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Figure 6.8. Polarization curve showing the effects of NO 2 . Cell temperature: 70 °C, Stoich: 
1.2/2, ambient pressure, RH 100% for both air and fuel side [35], (Reprinted from Journal of 
Power Sources, 138(1-2), Mohtadi R, Lee W-K, Van Zee JW, Assessing durability of 
cathodes exposed to common air impurities, 216-25, ©2004, with permission from 
Elsevier.) 
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In the literature, it is generally agreed that NO x contamination is recoverable. When 
the contaminant source was shut off and pure air was turned on for a certain period 
of time, e.g., 24 hours, fuel cell performance could be totally recovered. Figure 6.8 
shows the polarization curves of a PEMFC before NO x contamination, after 
contamination, and after recovery. However, if the PEMFCs were exposed to NO, 
continuously for a long period of time (e.g., 500 hours), performance could not be 
fully recovered [50]. This recoverability reduces the concern about the NO x 
contamination effect on PEMFC performance. 

6.3.2.3. The Mechanism ofNO x Contamination Recovery 

There are mainly two proposed mechanisms for NO x contamination recovery: NO x 
reduction and NO x oxidation. Mohtadi et al. [35] proposed a NO x reduction 
mechanism [35]: 

0 2 (g) + 8H + + 7e —> NH 4 + + 2H 2 0 E° =+0.897 V vs. RHE (6.23) 

Jing et al. [34] proposed a NO x oxidation mechanism: 

0 2 + H 2 0 ^ N0 3 " + 2H + + e E° =+0.80 V vs. RHE (6.24) 

They formed a hypothesis that the NO could be oxidized to N0 2 on the Pt surface, 
and then N0 2 could react with H 2 0 and 0 2 , forming nitric acid [49]. 

Due to the limited published studies of NO x contamination, it is difficult to 
determine which mechanism is more possible. However, the mechanism of NO x 
adsorption on the Pt surface described in the literature should be useful for 
increasing our understanding. As mentioned above, NO x mainly contains N0 2 and 
NO. At low coverage (a < 0.03 monolayer) NO adsorbs on the Pt surface 
irreversibly, while at high coverage it could adsorb reversibly, and could 
decompose into N 2 and 0 2 as well. N0 2 adsoiption on the Pt surface is partly 
irreversible, and the adsorbed N0 2 can be easily decomposed to NO and O [51]. 
On the other hand, NO oxidation on the Pt electrode is more difficult compared to 
NO reduction. Vooys et al. [52] found that even if the electrode was held at 1.4 V 
vs. RHE for 15 minutes, NO oxidation was still not completed, and that NO was 
reduced easily at a potential < 0.7 V, which is in the operational potential region of 
the PEMFC cathode [52]. Oxidation of N0 2 was even observed at a more positive 
potential. Broder et al. [53] found that N0 2 oxidation on the Pt electrode occurred 
at 1.10 V and 2.24 V vs. ferrocene (1.5 V and 2.64 V vs. RHE, respectively) [53]. 
In a PEMFC under normal operating conditions, this high cathode potential is not 
feasible. Based on these results, we believe that the reduction mechanism 
(Reaction 6.23) is the most feasible, and the reversibility of NO x contamination is 
possibly due to the reversible adsorption of both N0 2 and NO at high coverage. At 
low coverage, the presence of excess air after the contaminant is shut off can 
effectively remove the irreversibly adsorbed NO x over a period of time, e.g., 24 
hours or longer. 
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6.3.2.4. Mitigation ofNO x Contamination 

Although NO* contamination is recoverable, temporary NO* contamination can 
also result in fuel cell performance degradation, affecting its application. For 
example, in the case of mining vehicles, certain amounts of NO* exist in the mining 
environment, and long-term exposure to NO* might result in PEMFC failure, as 
well as more or less permanent degradation of the PEMFC. Thus, strategies to 
mitigate NO* contamination are required. 

The best strategy is to fdter it from the air. Development of effective adsorbents 
to remove NO* and other air contaminants such as SO* is the most feasible way. 
Ma et al. [48] investigated the use of activated carbon adsorbent for cathode air 
filtration, and found that the adsorbent is effective in avoiding NO* and SO* 
contamination. Figure 6.9 shows the results with and without air filtration [48]. 



Figure 6.9. Polarization curves with and without NO*, SO 2 filtration (air pressure: 1.5 atm, 
air flow rate: 30 L/min, 0.28 A/cm 2 ) [48]. (Reprinted from Journal of Power Sources, 
175(1), Ma Xiaowei, Yang Daijun, Zhou Wei, Zhang Cunman, Pan Xiangmin, Xu Lin, Wu 
Minzhong and Ma Jianxin, Evaluation of activated carbon adsorbent for fuel cell cathode air 
filtration, 383-9, ©2008, with permission from Elsevier.) 

6.3.3 NH 3 and H 2 S Contamination 

Although NH3 and FES are usually present in the PEMFC fuel, contaminating the 
anode, they are also present in air. The mechanism of NFI3 contamination at the 
cathode is not clear. Since NFI3 is stable at the cathode potential region, 
electrochemical oxidation of NFI3, producing species that could poison the catalytic 
sites, is unlikely. Flowever, Flalseid et al. [27] also listed this issue as one possible 
contamination effect. As discussed above, the NIT, could react in a major way with 
the protons in the ionomer, reducing proton conductivity in the catalyst layer [27, 
54]. The gradient in the double layer might also be influenced by the formation of 
NHj in the catalyst layer, which affects the symmetry factor for oxygen 
adsorption [27, 55]. 
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The presence of H 2 S in the air at the cathode side severely degrades fuel cell 
performance. Mohtadi et al. [35] found that in the presence of 200 ppm, at a cell 
voltage of 0.68 V, the current density decreased sharply from around 500 mA/cm 2 
to less than 150 mA/cm 2 in under 10 hours. After 60 hours of neat air flushing, the 
current density was only recovered to 170 mA/cm 2 , indicating that H 2 S poisoning 
is almost un-recoverable [35]. 

Similar to the mechanism at the anode, the mechanism of the H 2 S poisoning 
effect is assigned to strong sulfur adsorption on Pt, blocking oxygen adsoiption 
sites: 


H,S + Pt Pt-S + H 2 (6.25) 

6.3.4. Volatile Organic Compounds (VOCs) Contamination 

In an environment of PEMFC residential applications as backup power supplies, 
some volatile organic compounds (VOCs), including benzene and toluene, exist 
due to decorative materials. For military applications, the VOCs are different. In 
battlefields, chemical warfare can release significant amount of VOCs such as 
Sarin, HCN, and so on [36]. These VOCs could result in disastrous degradation of 
PEMFC performance. 

The effect of benzene contamination on cell performance is dependent on the 
operating current density. When a hiel cell was fed with air containing 50 ppm 
benzene over a period of 30 minutes, at 50 mA/cm 2 , a 5% reduction of power 
output was observed in comparison with pure air. At 200 mA/cm 2 , the output 
reduction was more than 38%. These performance drops were not fully recovered 
after the benzene was shut off and the fuel cell was purged with pure air over a 
period of 10 minutes [36]. 

Toluene contamination in air could affect fuel cell performance, mainly 
resulting in performance degradation in the kinetic region (low current densities). 
This contamination also results in easy flooding at the cathode side, possibly 
changing the hydrophilicity of the cathode catalyst layer. The mechanism of 
toluene contamination is not clear [56]. 

Fuel cell cathode contamination caused by chemical warfare gases is disastrous. 
With 1780 ppm HCN in air, the power output of a PEMFC was only 13% of the 
original value, and the degraded performance was only partly recoverable. After 30 
minutes of purging with neat air, the output recovered to 45% of the original value 
[36], 

Contamination with Sarin and sulfur mustard is even more disastrous as 
compared with HCN. For a PEMFC fed with air containing 15 ppm sulfur mustard, 
the power output was only 13% of the original value. This degradation is totally 
unrecoverable. The same is tine for Sarin. Air contaminated with 170 ppm Sarin 
resulted in a 70% performance degradation, and no recovery was observed when 
the cell was purged with pure air [36]. 

The mechanism of chemical warfare gas contamination is not clear. So far, no 
report on a mechanism study has been found. Most possibly, these gases are 
permanently adsorbed on the Pt surface, blocking oxygen adsorption. 
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Mitigation of VOCs in PEMFC contamination has been seldom studied. For 
benzene and toluene, an air fdter such as activated carbon could be usable. For 
chemical warfare gases, special apparatus should be used. 

6.3.5 Ozone Contamination 


Ozone is a strong oxidant that is present in air at a very low concentration. Unlike 
with other contaminants, ozone contamination in oxygen leads to cell performance 
improvement. Bussayajarn et al. [57] found that a PEMFC fed with a mixture of 
ozone and oxygen at the cathode side showed significantly improved performance 
at low current densities, and that at high current densities, no improvement was 
observed [57]. Ozone introduction in air could eliminate the VOCs in air. The high 
oxidizing ability of ozone may in fact destroy the VOCs. Both aspects of ozone in 
air lead to improvement in PEMFC performance. 

6.3.6 The Contamination Effects of Multi-contaminants 



Time/hour 


Figure 6.10. The constant current discharging curve of the PEMFC during running with 
different cathode gas for 100 hours. Current density: 500 mA/cm 2 ; cell temperature: 70 °C; 
RH: anode 65 °C, and cathode 68 °C dew points, ambient pressure [34], (Reprinted from 
Journal of Power Sources, 166(1), Jing F, Hou M, Shi W, Fu J, Yu H, Ming P, et al., The 
effect of ambient contamination on PEMFC performance, 172-6, ©2007, with permission 
from Elsevier.) 

In real applications, compressed air contains multiple pollutants, including NO*, 
SO*, H 2 S, VOCs, and so forth. Here we present one example to demonstrate the 
effect of mixed NO* and SO* on fuel cell performance. Figure 6.10 shows the 
voltage change with time when a fuel cell was fed with air containing different or 
no contaminants. The performance obtained with these gases is in the sequence of 
pure air > air containing 1 ppm N0 2 > air containing mixed pollutants (1 ppm NO? 
+ 1 ppm S0 2 ) > air containing 1 ppm S0 2 . The effect of the mixed contaminants 
seemed not to be the sum of the effects of the individual contaminants. Rather, it 
was less than the more severe contaminant (SO?) but larger than the less severe 




Catalyst Contamination in PEM Fuel Cells 349 


contaminant (NCE). This phenomenon was explained by the competitive adsoiption 
of NO? and SO 2 on the Pt surface, which results in less contribution to performance 
degradation from S(Y with mixed contaminants than from air containing only SO 2 
[34], 



N0 2 S0 2 gas mixture 


Figure 6.11. Schematic of air contaminants adsorbing on the catalyst layer [34], (Reprinted 
from Journal of Power Sources, 166(1), Jing F, Hou M, Shi W, Fu J, Yu H, Ming P, et al., 
The effect of ambient contamination on PEMFC performance, 172-6, ©2007, with 
permission from Elsevier.) 

6.3.7 Modeling of PEMFC Cathode Catalyst Contamination 

As discussed above, currently the modeling work on PEMFC contamination is 
mainly focused on the anode side. The only work on cathode catalyst modeling 
was published by Knight et al. [21], who presented an equation to fit the fuel cell 
performance caused by NO 2 and SO 2 contamination at the cathode, as shown in 
Equation 6.26 [21]: 

E c = E 0 -(bj +K cK C)log(I) + K cK Clog(I)exp(-K 3 t)-R 0 I (6.26) 

Obviously, E c is the cell voltage, E 0 is the theoretical cell voltage, I is the 
current density, bj is the Tafel slope, C is the contaminant concentration, and Ro is 
the membrane resistance. However, the physical meaning of the other parameters 
was not given. Most possibly, these are kinetic parameters related to NO 2 and SO 2 
adsorption on the Pt surface. 


6.4 Additive Effects of Anode and Cathode Contamination 

The additive effect of multiple contaminants on fuel cell performance is found 
when the air contains a mixture of NO 2 and SO 2 , and the H 2 fuel contains ITS. 
Figure 6.12 shows the performance of a PEMFC fed with air containing each 
individual pollutant, and with the mixture. The effect of the mixed contaminants is 
the sum of their individual effects [21]. Recovery from the mixed contaminants 
was not reported, and more work is needed to gain a clear understanding. 
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Figure 6.12. Additive effects of contaminants, 2.5 ppm H 2 S in fuel, 5 ppm SO? and 5 ppm 
N0 2 in air, 500 mA/cm 2 . Cell temperature: 55 °C, Stoich: H 2 1.25/0 2 2.0, RH: 100% [21], 
(Reprinted with permission of the authors.) 


6.5 Summary 

PEMFC performance can be affected by contaminants in the fuel and air feed 
streams through catalyst poisoning processes. Performance degradation is 
dependent on the type of contaminants. At the anode catalyst layer, common 
contaminants other than CO are C0 2 , H 2 S, and NIL,. The effect of C0 2 
contamination on the anode catalyst layer is similar to that of CO. CO? is reduced 
to CO, which strongly adsorbs to Pt, blocking H 2 adsorption. The effect of H 2 S 
contamination is due to the formation of strongly adsorbed sulfur on the Pt surface, 
which permanently poisons the catalyst surface. High current density or low 
temperature operation of PEMFCs is more severely affected by H 2 S contamination 
than low current density or high temperature operation. The effect of NH 3 
contamination on the anode catalyst layer is due to its reaction with the bulk 
electrolyte membrane and the ionomer in the catalyst layer, reducing proton 
conductivity. However, NH 3 seems not to poison the catalysts. Modeling of anode 
contamination based on the reaction kinetics provides an excellent fit to the 
experimental results. 

At the cathode catalyst layer, the common contaminants include SO x , N(),. H 2 S, 
NH 3 , VOCs, and ozone. A trace amount of SO, in air can cause a significant 
performance decrease. Increases in SO, concentration accelerate the degradation. 
This degradation is due to the adsorbed sulfur on the Pt surface produced from SO, 
reduction, which not only poisons the catalyst but also changes the ORR 
mechanism. The fuel cell performance is only partly recovered after SO, 
contamination. NO, contamination of the cathode catalyst is also concentration- 
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dependent. Higher NO x concentration leads to more severe PEMFC performance 
degradation. The mechanism of NO x contamination is most possibly due to NO x 
reduction on the Pt surface, which competes with oxygen adsorption. PEMFC 
performance can be fully recovered in most cases after the NO x contaminants are 
eliminated. NH 3 and H 2 S contamination of the cathode catalyst layer is similar to 
that of the anode catalyst layer. Civilian VOCs contamination of the cathode 
catalyst layer is not severe and is somewhat recoverable. However, battlefield 
contaminants such as chemical warfare gases are disastrous to PEMFCs, resulting 
in permanent performance degradation. The presence of ozone in air improves 
PEMFC performance. It is believed that adding a filter to the air is an effective way 
to mitigate cathode contamination. 

The presence of contaminants in both fuel and air results in an additive 
contamination effect: PEMFC performance degradation is the sum of the cathode 
and the anode degradation. 
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PEM Fuel Cell Catalyst Layers and ME As 


Pei Kang Shen 


7.1 Fundamentals of Catalyst Layers 

Proton exchange membrane fuel cells (PEMFCs) have attracted intensive attention 
as a result of their applicability to transportation systems and portable electronic 
products [1], The important challenges in PEMFC research arise in the catalyst 
layers (CLs) because these are complex and heterogeneous. The catalyst layers 
need to be designed so as to generate high rates of the desired reactions and 
minimize the amount of catalyst necessary for reaching the required levels of 
power output. To meet the goal, the following requirements need to be considered: 
(1) large three-phase interface in the CL, (2) efficient transport of protons, (3) easy 
transport of reactant and product gases and removal of condensed water, and (4) 
continuous electronic current passage between the reaction sites and the current 
collector. A CL with a thickness around several micrometers is a critical 
component of a PEMFC and requires more elaborate treatment [2]. The CL is in 
direct contact with the membrane and the gas diffusion layer (GDL), as shown in 
Figure 7.1. It is also referred to as the active layer [3], Gottesfeld and Zawodzinski 
provided a good overview of the CL structure and functions [4]. The overall CL 
performance depends on all these critical factors and is therefore essential to 
identify the electrode structures and operation conditions. In this section, the 
functions and the technical impacts of the CLs will be described. 

GDL ACL PEM CCL GDL 

\ \ i I / 


Figure 7.1. Schematic diagram of a catalyst layer structure. GDL - gas diffusion layer; ACL 
- anode catalyst layer; CCL - cathode catalyst layer; PEM - proton exchange membrane. 
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7.1.1 Components and Structure 

The catalyst ink usually includes catalyst, carbon powder, binder, and solvent. 
Sometimes, other additives are added to improve the dispersion of the components 
and stabilize the catalyst ink. The catalyst either covers the surface of the GDL or 
directly coats the surface of the membrane (catalyst coated membrane, CCM). The 
CL usually consists of: (1) an ionic conductor such as perfluorosulfonate acid 
(PFSA) ionomer to provide a passage for protons to be transported in or out, (2) 
metal catalysts supported on a conducting matrix like carbon, to provide a means 
for electron conduction, and (3) a water-repelling agent such as 
polytetrafluoroethylene (PTFE) to provide sufficient porosity for the gaseous 
reactants to be transferred to catalyzed sites [5, 6]. Every individual factor must be 
optimized to provide the best overall performance of a CL. 

Conventional CL uses either PTFE or PFSA ionomer as a binder [7-9]. The 
hydrophobicity or hydrophilicity of the CL is determined by the amount of the 
binder added. Zheng and Shi reported a dual-bonded CL structure [10]. They 
fabricated a dual-bonded CL by combining one PFSA ionomer-bonded CL and one 
PTFE-bonded CL to alleviate inherent problems of conventional CLs caused by 
different properties of binder materials. This novel structure uses PTFE-bonded CL 
to enhance mass-transport of the gaseous reactants and ionomer-bonded CL to 
increase the proton conductivity. Zheng and Shi showed that the catalyst utilization 
increased by using this dual-bonded CL. As the electrochemical reaction occurs at 
the three-phase interface of the CL, it is necessary to investigate the 
hydrophobicity and/or hydrophilicity properties of CLs, which have a large impact 
on the water transport and even on the performance of the PEMFC. Yu et al. used 
environmental scanning electron microscopy (ESEM) to measure the 
hydrophilicity and hydrophobicity in the CL microstructure [11]. Useful 
information has been gained to assist in understanding CLs from catalyst coated 
membranes. 

Wei et al. used a random cluster model to simulate the CL of PEMFC [12]. The 
factors influencing catalyst utilization were thoroughly discussed. In the case of 
high catalyst utilization, numerical results showed that there is a threshold for the 
ratio of Pt/C catalyst loading to PFSA ionomer. Beyond this threshold, the catalyst 
utilization may drop dramatically. Generally, there is high catalyst utilization 
around the ratio of 1. Results also showed that the lower the PTFE loading in the 
CL, the higher the catalyst utilization will be. However, the Pt/C catalyst with 
higher Pt content can tolerate relatively higher PTFE loading than that with a lower 
Pt content. 

7.1.2 Functions and Reactions 

The basic function of a CL is to provide a place for electrochemical reactions. The 
main processes occurring in a CL include mass transport of the reactants, 
interfacial reactions of the reactants at the electrochemically active sites, proton 
transport in the electrolyte phase, and electron conduction in the electronic phase. 
The hydrogen oxidation reaction (HOR) takes place in the anode CL and the 
oxygen reduction reaction (ORR) occurs in the cathode CL. Both anodic and 
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cathodic reactions require active catalyst sites to break the molecular bond in the 
diatomic gaseous reactant molecules, due to the low-temperature environment of a 
PEMFC. HOR has a relatively lower overpotential and a higher reaction rate than 
ORR, which leaves ORR as a source of large voltage loss in PEMFC. 

The CL should keep the phase equilibrium with other PEM materials [13]. The 
CLs applied onto both sides of the PEM are highly interconnected with the 
membrane by their content of proton-conducting PFSA ionomer. The typical MEA 
structures show strains of PFSA ionomer running through the CLs, connecting 
catalyst particles to the membrane on the ionic conductor level. These strains form 
an ionic connection to the membrane not only for mobile protons, but also for all 
species which can enter the pores within these materials. In the normal case, the 
phase equilibrium at the interface between the CLs and the PEM material is always 
assumed to be established. 

In both anode and cathode, the CL is the location of the half-cell reaction in a 
PEM fuel cell [3]. The CL is applied either to the membrane or to the GDL. In 
either case, the objective is to place the catalyst particles within close proximity of 
the membrane. The first generation of PEMFC used PTFE-bound Pt black catalysts 
that exhibited excellent long-term performance, but at a prohibitively high cost. 
These conventional CLs generally featured expensive platinum loadings of 4 mg 
cnf 2 . Pt loadings as low as 0.014 mg cnf 2 have recently been reported, using novel 
sputtering methods [14, 15]. Consequently, the cost of the catalyst is no longer the 
major barrier to the commercialization of PEMFCs. In addition to catalyst loading, 
there are a number of CL properties that have to be carefully optimized to achieve 
high utilization of the catalyst material: reactant diffusivity, ionic and electrical 
conductivity, and the level of hydrophobicity all have to be carefully balanced. 

The design of the cathode CL receives more attention, since the ORR kinetics 
is slower compared to that of the anode HOR [10, 16, 17]. The influence of catalyst 
gradients on active layer performance has been demonstrated by Antoine et al. and 
confirmed by using active layer models [17]. The catalyst utilization efficiency 
largely depends on diffusion and ionic ohmic drop limitations. Thus, for a non- 
porous active layer, diffusion is a rate-limiting step with regard to ohmic drop, and 
the best performance is obtained for catalyst particles located close to the GDL. On 
the other hand, for a porous active layer, ionic ohmic drop becomes a rate-limiting 
step and performance is improved when the catalyst particles are located close to 
the proton exchange membrane side. These results show that the optimal catalyst 
utilization is obtained with a thin porous active layer and a preferential location of 
Pt nanoparticles close to the proton exchange membrane side. In the CL, the 
transport of reactants, protons, and electrons, i.e., the formation of three-phase 
interface, can be illustrated in Figure 7.2 [18]. 

The reactions in the CL depend on the fuel used. For an H 2 /0 2 (or air) fuel cell, 
the reaction in the anode CL is hydrogen oxidation, and the reaction in the cathode 
CL is oxygen reduction: 


Anode: 

2H 2 4H + + 4e" 

E° = 0.00 V 

(7.1) 

Cathode: 

0 2 + 4H + + 4e" -> 2H 2 0 

E°= 1.23 V 

(7.2) 

Overall: 

2H 2 + 0 2 2H 2 0 

E„ u= 1.23 V 

(7.3) 



358 P.K. Shen 



Figure 7.2. Three-phase interface formed in catalyst layer. 


In the case of the direct alcohol fuel cells (DAFCs), e.g., direct methanol fuel 
cell (DMFC), the anode of a liquid-feed DMFC is supplied with a diluted methanol 
aqueous solution, while the cathode is fed with air or pure oxygen, which can be 
either forced by an external blower or driven by natural convection [19, 20]. Due to 
the combined effect of both convection and diffusion, the methanol and the oxygen 
reach the anode and cathode CLs, respectively, where they undergo the overall 
electrochemical reactions: 


Anode: 

CH 3 OH + H 2 0 6H + + C0 2 + 6e" 

E° = 0.02 V 

(7.4) 

Cathode: 

0 2 + 4H + + 4e" ->• 2H 2 0 

E° = 1.23 V 

(7.5) 

Overall: 

2CH 3 OH + 30 2 4H 2 0 + 2C0 2 

Ccell = 1.21V 

(7.6) 


Due to methanol crossover, Reaction 7.4 accounts for methanol oxidation at 
both the anode and the cathode, while Reaction 7.5 accounts for oxygen reduction 
at the cathode. The protons generated at the anode by Reaction 7.4 diffuse across 
the proton exchange membrane, while the electrons pass as current through the 
external circuit to reach the cathode, where oxygen is reduced by the protons and 
the electrons to form water, according to Reaction 7.5. Figure 7.3 shows the 
difference at the anode between H 2 /0 2 (or air) fuel cell and DMFC. 



a b 


Figure 7.3. Comparison of the electrochemical processes in ACLs between (a) H 2 /0 2 (or air) 
fuel cell and (b) DMFC. 
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7.1.3 Factors Affecting the Performance of CLs 

Analyzing the factors affecting the performance of CL is complex. In this section, 
we only describe the primary factors affecting the performance of the CLs. 

1) Polarization daring operation. Fuel cells convert chemical energy directly 
into electrical energy. In the ideal case, the change in Gibbs free energy, AG, of the 
reaction is available as useful electric energy at the temperature of the conversion. 
At standard conditions of 25 °C (298 °K) and 1 atmosphere, the thermal energy 
(AH) in the hydrogen/oxygen reaction is 285.8 kJ mole -1 , and the free energy 
available for useful work is 237.1 kJ mole -1 . Thus, the thermal efficiency of an 
ideal fuel cell operating reversibly on pure hydrogen and oxygen at standard 
conditions is: 


_ 237.1 __ 8 , 
Videal 258.8 


(7.7) 


The efficiency of an actual fuel cell is often expressed in terms of the ratio of 
the operating cell voltage to the ideal cell voltage. The actual cell voltage is less 
than the ideal cell voltage because of losses associated with cell polarization and 
ohmic losses. The thermal efficiency of a hydrogen/oxygen fuel cell can then be 
written in terms of the actual cell voltage: 

jj = ®^ W actual ( 7 . 8 ) 

Eideal 


The actual cell voltage is decreased from its ideal potential because of several 
types of polarization losses, including activation polarization, ohmic polarization, 
and concentration polarization. Figure 7.4 schematically shows the polarization 
characteristics for a H 2 /0 2 fuel cell and a DMFC in use. The output potential for a 
single fuel cell is usually lower than that of the theoretical voltage ( E °) even at 
open circuit state (the theoretical voltage for a single H 2 /0 2 PEMFC is 1.23 V as 
mentioned above). The output voltage for an actual single is 

E = E ocv - E iR - E ae - E ce = E° - E,- E a - E M - E diff (7.9) 

where E ocv is the open circuit voltage for a single hiel cell, E jR is the ohmic 
overpotential, E ae is the anodic oveipotential and E ce is the cathodic overpotential. 
Alternatively, the output voltage can be represented as the difference between 
theoretical voltage ( E °) and all polarizations, where Ej is the loss in voltage due to 
leaks across the membrane for a liquid fuel cell. The presently used proton 
exchange membrane is methanol-permeable; therefore, the value could be over 200 
mV for a single liquid methanol fuel cell. It can be seen from Figure 7.4(b) that the 
anodic polarization for a DMFC is more serious than that of the PEMFC. E a is the 
activation overpotential due to slow electrode reactions at both anode and cathode. 
Activation losses are caused by sluggish electrode kinetics. In reality, activation 
losses are the result of complex surface electrochemical reaction steps, each of 
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which has its own reaction rate and activation energy. Usually, the rate parameters 
and activation energy of one or more rate-limiting reaction steps control the 
voltage drop caused by activation losses on a particular electrode under specific 
conditions. In any case, the activation oveipotential for a PEMFC is almost entirely 
due to the slow kinetics in the cathode [21]. Although the ohmic losses are usually 
induced by resistance to the flow of ions in the membrane and resistance to the 
flow of electrons through the electrode, only the resistance of the membrane is 
taken into account, since it dominates the total ohmic losses. Here, E M represents 
the ohmic losses due to resistance in the membrane. It has been recognized that 
reducing the resistance within the CL is a big challenge in improving cell 
performance. Ejyj is the mass transport-related oveipotential due to mass diffusion 
limitations. A concentration gradient is formed during cell operation. At low 
current densities and high bulk reactant concentrations, mass-transport losses are 
not significant, but under practical conditions (high current densities, low fuel and 
air concentrations), they often contribute significantly to loss in cell potential. It is 
extremely important to minimize the polarization by optimizing the CL design. For 
a given cell design, it is possible to improve the cell performance by modifying the 
operating conditions. 



Ohmic 

Anodic 

Cathodic 



Ohmic 

Anodic 

Cathodic 


Figure 7.4. Actual fuel cell voltage/current characteristic of (a) PEMFC and (b) DMFC. 
OCV - open circuit voltage; Ohmic - ohmic overpotential; Anodic - anodic overpotential; 
and Cathodic - cathodic overpotential. 


2) Binder type and content in CL. PTFE and ionic conducting polymers like 
PFSA ionomer are commonly used as binders in CLs. The content of binders in the 
CL affects simultaneously the gas permeability, the catalytic activity, and the ionic 
conductivity [22]. Hence, optimizing binder content in the CL is necessary for 
better performance. The resistance of the CL could be reduced at the optimized 
binder content, increasing the utilization of the catalysts. 

The amount of polyelectrolyte binder used in CLs is not as large as that in 
membranes [18]; however, the amount is important because it is closely related to 
CL performance, catalyst utilization, and MEA durability [23, 24]. In current 
PEMFCs, PFSA ionomers are employed in the CL as binders and in the proton 
conducting electrolyte to extend the formation of the electrochemical three-phase 
interface [3], The latter is important for obtaining desirable catalyst utilization and, 
thus, high performance of MEA. Since the reactant must be transported through the 
proton conducting electrolyte before it arrives at the reaction sites to carry out 
reactions, the binder in the CL must be reactant-permeable to avoid reactant mass 
transport limitations [25]. The reactant-permeable property of the binder is 
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completely different from the polymer electrolyte used in membranes, which 
requires much less or no reactant permeability [26, 27]. 

Song et al. found that the optimal amount of ionomer in the CL is 
approximately 0.8 mg cnf 2 when Pt loadings are kept at 0.4 mg cnf 2 [28]. These 
values are rationalized in terms of the catalyst active area and the transport of the 
involved species for the electrode reaction. Previous studies looking at the 
influence of PFSA content on cell performance revealed that the optimal amount of 
the PFSA ionomer is about 0.8 mg cnf 2 in the case of the carbon-supported Pt 
catalyst [5, 29, 30]. But the optimal amount should depend on the Pt catalyst 
loadings in the CL [31]. Investigations of CLs with alternative ionomers, and their 
application in MEAs, have recently been reported [25, 32, 33]. 

Binder durability directly affects cell durability. Attention should be 
particularly paid to the cathode CL, since FL0 2 is unavoidably formed during 
ORR, even on the Pt catalyst. The three-phase boundaries in CL where the catalyst 
are covered by the binder are the places for ORR and form more or less H 2 0 2 . In 
other words, the concentration of H 2 0 2 is higher in the CL. The binder in the CL is 
more likely to suffer damage from this strongly oxidative H 2 0 2 . The Fenton’s 
reagent test, i.e., putting the membrane in H 2 0 2 /Fe 2+ solution to test its chemical 
stability, is widely used for stability evaluation [34, 35], Nafion membrane shows a 
desirably high chemical stability in a Fenton’s reagent test and under actual 
PEMFC working conditions. However, a new analysis technique is expected to be 
established for evaluating the chemical stability of the binder in CL, since the 
concentration of H 2 0 2 in CL is relatively high and the CL may be damaged with 
the degradation of the binder. 

3) Supports for catalysts. The carbon-supported Pt catalyst is normally used in 
current PEMFC CLs. The carbon support enables uniform dispersion of Pt 
nanoparticles, in addition to providing electronic continuity. Moreover, it 
somewhat retards the sintering or agglomeration of Pt nanoparticles [36]. Carbon 
as a support has good chemical and electrochemical stability. However, carbon will 
be oxidized or corroded at potentials near the open circuit voltage (OCV) of a 
single fuel cell (0.9-1.0 V). The higher the potential, the higher the oxidation rate. 
The presence of Pt could accelerate the carbon corrosion rate [37], particularly at 
places where Pt particles reside. This would weaken the attachment of Pt particles 
to the carbon support, and eventually lead to the detachment of Pt particles from 
that support. In addition, the loss of carbon due to corrosion could decrease the 
electronic continuity of the CL, so the isolated Pt particles would not be able to 
participate in the electrochemical reactions. 

Tang et al. proposed a reaction model for an unprotected fuel cell. They found 
that the cathode chamber and anode chamber still have air and hydrogen, 
respectively, after the cell is shut down, resulting in a higher OCV. If the anode 
exhaust port is not closed after shut-down, air will gradually diffuse into the anode 
side, creating an air/hydrogen boundary. The boundary moves to the other end of 
the flow channel and thus, the cell will bear a high OCV. Both water electrolysis 
and carbon oxidation could happen in the cathode at significant rates, according to 
Equations 7.10, 7.11, and 7.12: 


2H 2 0 0 2 + 4H + + 4e' 


(7.10) 
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C + 2H 2 0 -> C0 2 + 4H + + 4e' (7.11) 

C + 0 2 ->C0 2 (7.12) 

The surface of the Pt particles could also be oxidized, according to Equations 
7.13 and 7.14: 

Pt + xH 2 0 ->• PtO x + 2xH + + 2xe _ (7.13) 

Pt + x0 2 -> Pt0 2x (7.14) 

Reactions 7.10-7.14 will stop when the hydrogen is completely consumed and 
the anode is eventually filled with air. However, when hydrogen is fed to the anode 
during the restart of the fuel cell, a new air/fuel boundary forms, causing the 

cathode in the region that faces the anode air section to corrode as described in 

Reactions 7.10-7.14. 

Stevens and Dahn showed that the platinum particles were able to catalyze the 
degradation of the carbon support at moderate temperatures [37]. The amount of 
carbon that was lost after extended oven exposure at a constant temperature was 
shown to depend on both temperature and Pt loading. A simple first-order kinetic 
model described the results. Cai et al. found that carbon oxidation in the presence 
of Pt follows two pathways: an oxygen pathway that leads to mass loss due to 
formation of gaseous products, and a water pathway that results in mass gains, 
especially for high BET area supports [38]. These processes may be assisted by the 
formation of highly reactive OH and OOH radicals. Pt/C catalysts decompose 
quantitatively in air to Pt at 400 °C, compared to > 700 °C for Vulcan XC72 
carbon alone [39]. At higher Pt catalyst levels, lower onsets of thermal 
decomposition temperatures are observed. Pt also catalyzes the decomposition of 
binder in CLs. The thermal decomposition temperature of Nafion is lowered by 
about 150 °C to 300 °C in the presence of 46 wt% Pt/C. Although Pt lowers the 
Nafion decomposition temperature, the temperature is still well above PEM fuel 
cell operation levels. The low-temperature kinetic data for carbon support 
oxidation may be used to estimate carbon mass loss for a PEM fuel cell at a typical 
operating temperature, and for automotive application at 80 °C. For a cell using a 
46 wt% Pt/C catalyst, about 10 wt% loss of carbon support is predicted after 1 year 
of continuous operation. This percent mass loss may be a lower limit, as more 
rapid oxidation occurs at the cathode under electrochemical conditions [40, 41]. 
Using on-line mass spectrometry, Roen et al. detected increased C0 2 emission at 
cathodes with higher Pt loadings [41]. Samms et al. investigated the thermal 
stability of a CL consisting of 20 wt% Pt black and 80 wt% of Nafion by TGA- 
MS. They found that Pt lowers the decomposition temperature of Nafion by 40 °C 
[42], 

The durability of the catalysts and their supports has been investigated in real or 
simulated low-temperature PEMFC condition [18, 39, 45]. It has been found that 
the electrochemical active surface area of the electrodes will be decreased during 
PEMFC running [45, 46]. The decrease in the electrochemical active surface area 
contributes to the main performance degradation of PEMFC [47]. Pt or Pt-alloy 
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nanoparticles that are deposited on carbon black can agglomerate through diffusion 
on carbon surface, to form larger particles during PEMFC operation or under the 
accelerated aging test [43]. Pt will also dissolve in an acidic environment [45]. 
When carbon corrodes, some Pt or its alloy particles will peel from the electrode. 
Carbon corrosion will increase the electrode resistance by decreasing electric 
contact with the current collector. Graphitization of carbon support produces a 
material that is highly resistant to oxidation and carbon corrosion, perhaps resulting 
in highly durable catalysts [48]. However, metal deposition on such graphitized 
supports is more difficult. 

Some researchers have observed enhanced electrocatalytic activity and 
durability on nitrogen-doped [59, 50] or boron-doped [51] carbon-supported 
electrocatalysts for potential application in PEMFC. It is believed that the nitrogen¬ 
doping effect is due to the electron-donating nature of nitrogen, which improves 
the ability of graphite to donate electrons to 0 2 in the cathode CL and makes the 
reaction of oxygen to water occur more easily. Shen’s group investigated the 
carbides and oxides that supported Pt [54] or non-Pt catalysts [57] for both oxygen 
reduction and alcohol oxidation. Figure 7.5(a) shows the performance of oxygen 
reduction on a Pt-WC/C catalyst. There is a 100 mV improvement, even at lower 
Pt loadings, compared to the conventional Pt/C catalyst [52]. The Ag-WC/C 
catalyst shows activity comparative to the Pt/C catalyst [55]. Figure 7.5(b) shows 
typical performance of the Pd-NiO/C catalyst for ethanol oxidation. The onset 
potential shifts to the more negative side over 200 mV than does that of the Pt/C 
catalyst [56]. Investigations on non-platinum catalysts have made advances 
recently [58, 59], but the durability of these catalysts under high temperature needs 
further study. 



EIV vs. Hg/HgO 



Figure 7.5. (a) ORR oil different catalysts in 0 2 saturated 1 mol dm 3 KOH solution, and (b) 
ethanol oxidation on Pd-NiO/C catalyst in 1.0 mol dm -3 ethanol/1.0 mol dm 3 KOH [55, 56], 
(Graph (a) reprinted from Electrochemistry Commununications, 8, Meng H, Shell PK. 
Novel Pt-free catalyst for oxygen electroreduction, 588-94, ©2006 with pennission from 
Elsevier. Graph (b) reprinted from Electrochemistry Commununications, 8, Alcohol 
oxidation on nanocrytalline oxide Pd/C promoted electrocatalyst, 184-8, ©2006 with 
permission from Elsevier.) 


4) Catalyst durability. Pt is the key to fuel cells because of its unusually high 
catalytic activity. Unfortunately, Pt is expensive and has limited availability. The 
cost of the PEMFC is too high for practical applications. One of the strategies to 
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reduce the cost is to increase the utilization of Pt catalyst or use non-Pt catalyst in 
CL. Zeng et ah, aiming to maximize the electrochemical surface area and, 
consequently, the specific activity of fuel cell reactions, proposed a catalyst 
preparation method to increase Pt utilization [60]. Pt/C electrocatalysts were 
obtained by first depositing Pt nanoparticles on colloidal silica and then adsorbing 
them with the carbon support. It was found that the silica-modified catalyst is three 
times as active as a catalyst prepared without silica for methanol oxidation. 

Stamenkovic et al. demonstrated that the Pt 3 Ni( 111) surface is 10-fold more 
active for the ORR than the corresponding Pt(lll) surface, and 90-fold more 
active than the Pt/C catalysts for PEMFC [61]. The Pt 3 Ni(l 11) surface has an 
unusual electronic structure (//-band center position) and arrangement of surface 
atoms in the near-surface region. Under operating conditions relevant to fuel cells, 
its near-surface layer exhibits a highly structured compositional oscillation in the 
outermost and third layers, which are Pt-rich, and in the second atomic layer, 
which is Ni-rich. The weak interaction between the Pt surface atoms and 
nonreactive oxygenated species increases the number of active sites for 0 2 
adsorption. 

A continuing problem in vehicle applications of PEMFC is the degradation of 
the CL due to sintering of Pt, corrosion of carbon support, and so on. Increasing the 
CL durability should stablize the catalyst. It has been recognized that damage is 
caused by cell reversal during PEMFC operation with fuel starvation [62]. The loss 
of platinum surface area through sintering or recrystallization has also been 
observed during reversal experiments. Zhang et al. recently reported that Pt 
oxygen-reduction fuel-cell electrocatalysts can be stabilized against dissolution 
under potential cycling regimes, by modifying Pt nanoparticles with Au clusters 
[63]. This behavior was observed under the oxidizing conditions of the ORR and 
potential cycling between 0.6 and 1.1 volts in over 30,000 cycles. There were 
insignificant changes in the activity and surface area of the Au-modified Pt over 
the course of cycling, in contrast to sizable losses observed with the pure Pt 
catalyst under the same conditions. In situ X-ray absoiption near-edge 
spectroscopy and voltammetry data suggest that the Au clusters confer stability by 
raising the Pt oxidation potential. Pt nanocatalysts supported on multi-walled 
carbon nanotubes showed a higher durability and catalytic activity than was 
supported on Vulcan XC72 carbon black [43, 64], Alloying Pt with other metals 
can improve not only the catalytic activity but also the durability [64, 65], due to 
so-called “anchor effects” [44, 65]. 

Transient study showed that the porosity of the CL affects the cell performance 
[66]. When CL porosity e c i < 0.1, the liquid water effect is obvious, but when e c i > 
0.1, the liquid water effect is not very apparent. An optimum value appears 
between e c i = 0.06 and e c i =0.1. Pai et al. found that the CL performance was 
enhanced by using clay for dispersion in the anode CL [67]. Yoon et al. studied the 
effect of pore structure in the cathode CL on PEMFC performance [68]. 

5) Operating conditions. As common sense would suggest, operating 
conditions such as the temperature, pressure, and humidity of the reactant gases 
directly affect CL performance. An increase in the operating temperature leads to 
an increase in the diffusion rate to reduce the mass transport resistance, and the 
ohmic-ion conductivity of the binder in the CL also increases. The most important 
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factor affecting the performance of the PEMFC is the mass transport limitation, 
including the transport of reactant and oxidant gases to active sites on the CL, the 
transport of the proton from the anode side to the cathode side through the 
membrane, and the transport of produced water from the cathode side to the anode 
side by the back-diffusion mechanism. Operation at higher pressure and elevated 
temperature with humidified reactant gases is favored for a fuel cell [69]. 
Similarly, mass transport can be improved by increasing the operating pressure. It 
has been observed that the pressurized cathode side has a better effect on cell 
performance than does the pressurized anode side. This phenomenon could be 
explained by water transport across the membrane from the cathode side to the 
anode side by the back-diffusion mechanism, which enhances the hydration level 
of the membrane. 

6) Preparation method. The preparation method affects the formation of the 
electron transfer channels (catalyst), gas diffusion channels (pores), proton 
transport channels (electrolyte), water transport channels (hydrophilic electrolyte), 
and most importantly, the three-phase interface in the CLs. 

Traditionally, the CL is applied to the GDL by various methods, including 
spraying, painting, rolling, and screen printing, as well as others [1]. Screen 
printing is one of the most popular methods used for the fabrication of CLs, either 
in the membrane or in the electrode of the PEMFC [70]. In the direct printing or 
screen printing process, the catalyst ink was applied to the membrane in Na + form 
or TBA (tetrabutylammonium) form to stabilize the CL, enhancing the physical 
strength of the membrane. A series of parameters affecting the CL microstructure 
in PEMFC electrodes have been studied by Fernandez et al. [71], who have shown 
that the deposition of the CL in the gas diffusion support depends not only on the 
ink deposition method but also on the characteristics of the solvent used to disperse 
both the catalyst and the PFSA ionomer. A novel method based on the electrospray 
technique has been developed by Benitez et al. [72] and is characterized by 
different techniques, which showed both morphological and structural 
improvements that contribute to better catalyst utilization in comparison with 
conventional methods. Xu et al. [73] recently reduced the Nafion content in the CL 
by incorporating the sulfonic acid group in the carbon-supported catalyst particles, 
thereby decreasing the resistivity, and the performance was found to be higher than 
with the unsulfonated counterpart. Giorgi et al. [74] reported preparation methods 
based on the electrochemical and sputter deposition of low-loading Pt 
nanoparticles on gas diffusion electrodes. The PEMFC electrodes prepared by this 
method showed improved performance and catalyst utilization versus commercial 
chemical deposited Pt. Rajalakshmi and Dhathathreyan developed a new process 
for the fabrication of CL by combining the screen printing and decal processes in 
order to increase interfacial contact between the membrane and the catalyst layer 
[1]. Kim and Popov developed a pulse electrodeposition technique for preparation 
of CLs, which ensures that most of the Pt is in close contact with the membrane 

[75] . Using this method, it is possible to increase the Pt/C ratio up to 75 wt% near 
the surface of the electrode, resulting in a 5 pin-thick CL. Another method of CL 
fabrication is by electrophoretic deposition (EPD), as reported by Morikawa et al. 

[76] , in which a suspension consisting of ethanol, carbon powders with Pt catalyst, 
and PFSA ionomer is used to obtain a stable dispersed solution. The thickness of 
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the prepared CL is controlled by the EPD duration or the concentration of the 
suspension. The 3D CLs were also prepared by the ink-jet printing method [77]. 

A catalyst-applied-to-membrane method (catalyst coated membrane, CCM) 
was invented by Wilson and Gottesfeld in 1992 [6, 78]. The CCMs have unique 
advantages that will be described in detail in Section 7.2. 

7.1.4 Catalyst Layers for Liquid Fuel Cells 

PEMFCs can be design to be fed with liquid fuels; this method could lead to a very 
simple system with a fuel that has a relatively high energy density and is a liquid 
under ambient conditions. 

The liquid fuel cells described here correspond in particular to direct alcohol 
fuel cells (DAFCs), and the most intensively interesting types include direct 
methanol fuel cells (DMFCs) and direct ethanol fuel cells (DEFCs). DAFCs have 
been considered a favorable option in terms of fuel usage and feed strategies [79]. 
Compared to hydrogen-fed fuel cells, DAFCs use liquid and renewable alcohol 
fuels, which are easily stored and transported, and simplify the fuel cell system. 
The voltage output of the cell is lower for DAFCs, typically ranging from 0.25 to 
0.4 V. This low cell voltage is recognized mainly due to the high anode 
overpotential caused by absorption of the partial decomposition products of alcohol 
(e.g., CO) and the high cathode overpotential, caused by poisoning of the cathode 
catalyst by cross-over alcohol and its reaction intermediates. 

The mechanism of methanol oxidation on the Pt surface has been investigated 
extensively for decades. According to a well-described mechanism [80], methanol 
oxidation is a dehydronation process involving the formation of the CO-like 
intermediates. These intermediates adsorb on the surface of Pt to reduce the 
catalytic activity. The Pt-Ru alloy has been found to be the most active anti¬ 
poisoning anode catalyst for DAFCs. The enhanced activity of the Pt-Ru catalyst 
for methanol oxidation has been attributed to a bi-functional mechanism [81]. This 
bi-functional mechanism involves the adsorption of oxygen-containing species on 
Ru atoms at lower potentials, thereby promoting the oxidation of CO to CO 2 , 
which can be summarized as follows [82]: 

Pt + CH 3 OH -> Pt-CO ads + 4H + + 4e" (7.15) 

Ru + H 2 0 -+ Ru(OH) ads + H + + e' (7.16) 

Pt-CO ads + Ru(OH) ads C0 2 + Pt + Ru + H + + e' (7.17) 

The catalytic activity of the Pt-Ru catalyst is strongly dependent on the 
composition, structure, morphology, particle size and alloying degree. 

The contact between the metal nanoparticles and Nafion micelles in the CL of a 
DMFC is affected by carbon-support-particle pore size and distribution [79]. Rao 
et al. investigated the effect of carbon porosity on the specific activity of the Pt- 
Ru/C catalyst for methanol oxidation [83]. They found that a higher content of 
small pores (< 20 nm) containing metal particles, where the Nafion ionomer could 
not easily enter, resulted in poor contact between the metal nanoparticles and 
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Nafion micelles and there was, therefore, a lower level of methanol oxidation 
activity. The cathode CL in DMFCs has been optimized through a balance of 
ionomer and porosity distributions, both playing important roles in affecting proton 
conduction and oxygen transport through a thick CL of DMFC [84]. CLs in the 
form of CCM have higher cell open circuit voltages (OCVs) and higher limiting 
current density, while catalyzed-diffusion-media (CDM) CLs display better 
performance in the moderate current density region. The CL with a composite 
structure, consisting of both CCM and CDM, shows better performance in both 
kinetic and mass-transport limitation regions, due to a suitable ionomer distribution 
across the CL. 

Scott et al. pointed out that carbon dioxide gas will be generated in the anode 
structure at a position dependent upon local conditions of pressure, temperature, 
carbon dioxide solubility and bubble nucleation [85]. Due to the moderate 
solubility of carbon dioxide in the aqueous methanol solution, bubble generation 
will occur away from the thin anode catalyst surface. In practice, the methanol 
solution is recycled to the cell from a reservoir and thus will contain a significant 
amount of dissolved carbon dioxide. Thus, it is likely, and is assumed here, that gas 
bubbles will be formed in the diffusion layer and flow counter-current to the mass 
transport of liquid. 

The structural design of the CL for liquid-feed fuel cells is important. Several 
models for liquid-feed DMFCs were proposed [19, 86-88]. The porosities of both 
anode CL and cathode CL affect the cell performance. The concentration 
polarization is easier to form in normal density CL, due to the liquid sealing effect 
in liquid fuel cells. Therefore, the design of the CL structure is particularly 
important. Chen et al. designed a CL by loading catalyst nanoparticles on a well- 
defined macroporous carbon matrix [89]. The carbonization and further Pt-Co 
alloy deposition on the macroporous and mesoporous bimodal pore structured 
conducting matrix resulted in a higher activity towards the electrooxidation of 
ethanol in alkaline solution. Liang and Zhao reported a new DMFC anode structure 
consisting of Pt nanowires that are electrochemically deposited onto a partial layer 
of a Nafion membrane. The Pt-nanowire network formed in such a Pt-Nafion 
integrated electrode not only provides the electron conducting pathways but also 
functions as the catalyst for the methanol oxidation reaction [90]. Pt-nanowire 
array catalysts were used for ethanol electrooxidation by Wang et al [91]. The 
micrometer-sized pores and channels in Pt-nanowire array catalysts act as 
structural units. They make liquid fuel diffuse into and products diffuse out of the 
CL much more easily [91]. 

7.1.5 Catalyst Layers for Anion Exchange Membrane Fuel Cells 

Using an anion exchange membrane instead of a liquid caustic alkali electrolyte in 
an alkaline fuel cell allows avoids problems of leakage, carbonation, precipitation 
of carbonate salts, and gas electrode flooding, increasing the volumetric energy 
density. It appears that the anion exchange membrane fuel cells (AEMFCs) have 
the potential to succeed in portable applications [92, 93]. 

A schematic diagram of the AEMFC is shown in Figure 7.6. Hydrogen and 
alcohols could be used as fuels. One of the differences between the acidic direct 
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methanol fuel cell and alkaline direct methanol fuel cell is that in the acidic 
condition, water is the product of oxygen reduction on the cathode, while in 
alkaline conditions, OH" diffuses through the membrane and forms water on the 
anode. The reverse electroosmotic drag reduces the crossover of alcohol from fuel 
side to air side. 



Anion exchange membrane 


Figure 7.6. Schematic diagram of ail anion exchange membrane fuel cell 


The reactions are as follows: 


Anode: 

CH 3 OH + 6 OH" ->• 5H 2 0 + C0 2 + 6 e" 

E° = - 0.81 V 

(7.18) 

Cathode: 

3/20 2 + 3H 2 0 + 6 e" —> 60H" 

E° = 0.40 V 

(7.19) 

Overall: 

CH 3 OH + 3/20 2 ->• 2H 2 0 + C0 2 

E° = 1.21 V 

(7.20) 


where E° represents the standard potential of an electrochemical reaction. The open 
potential for a single DMAFC should close this value if polarization is negligible. 

Yu and Scott prepared membrane assembly electrodes (MEAs) with Pt loadings 
in both anode and cathode CLs of about 2 mg cm " 2 for a direct methanol alkaline 
fuel cell using an anion exchange membrane. They found that the cell performance 
increased dramatically with an MEA that did not include the GDL on the anode, 
because of lower reactant mass transfer resistance [94]. They also used platinized 
Ti mesh as the anode and current collector in the AEMFC. The cathode was a 
standard gas diffusion electrode with a Pt loading of approximately 2 mg cm" 2 , 
which consisted of a backing layer (carbon paper), a GDL and a CL. The novel 
anode showed higher catalytic activity than the conventional Pt/C electrode, and 
gave stable fuel cell performance [95]. 

Shen’s group focused on the studies of the Pt-free catalysts preparation and the 
effect of the CL structure on fuel cell performance. They developed oxide- 
promoted Pd catalysts prepared by a novel intermittent microwave heating 
technique [56, 96, 97]. All the oxide-Pd catalysts on carbon showed higher 
catalytic activities than those of Pt/C or Pt-Ru/C catalysts. The Pd-NiO/C catalyst 
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showed the best performance for ethanol oxidation. The catalytic currents of the 
oxides-promoted Pd catalysts for ethanol oxidation begin to rise much more 
sharply at more negative potentials, which will directly improve the fuel cell 
efficiency. 

The understanding of the kinetic limitations of the oxygen reduction reaction 
(ORR) on different catalysts is a problem of outstanding interest in fuel cell 
research. Carbon-supported platinum catalysts still serve as the most widely used 
electrocatalysts in the air electrodes of low-temperature PEMFCs [98]. Ineffective 
electrode structures increase the voltage losses even further. However, cheaper 
non-Pt catalysts can be used in AEMFCs. The investigation of the ORR on Ag 
[99], Au [100], nanoparticle Au [101], Pd [102,103] and Ru [104] metals in 
alkaline media was reported. Some oxides catalysts were found to be active 
towards ORR. The most popularly studied are manganese oxides (MnO x ). These, 
including Mn 2 03 , Mn 3 04 , Mn 5 Os and MnOOH, show catalytic activity for the 
disproportionation reaction of H0 2 " to 0 2 and OH", and thus, the 0 2 reduction in 
the air electrode was considered to include an initial two-electron reduction of 0 2 
to H0 2 ", followed by a disproportionation reaction catalyzed by MnO x [105]. 
Recent work in Shen’s group showed that the performance for ORR is significantly 
improved by co-deposition of tungsten carbides nanocrystals and Ag (Ag-WC/C). 
The performance of Ag-WC/C composite catalysts for ORR is equivalent to that of 
the best Pt catalyst [55]. 


7.2 Principles of Membrane Electrode Assembly (MEA) 

The MEA is the heart of PEMFCs, where the electrochemical reactions take place 
to generate electrical power. The primary components of an MEA are an ion 
conducting electrolyte (membrane), a cathode CL, and an anode CL, plus a GDL 
attached to each CL, as shown schematically in Figure 7.7. These three are 
sandwich structured and are often referred to as the membrane electrode assembly 
(MEA). 


Br (j[)L ACL PKM CCL LiOL BP 

\ \ \ i J / / 



Figure 7.7. Schematic diagram of an MEA structure. BP - bipolar plate; GDL - gas 
diffusion layer; ACL - anode catalyst layer; CCL - cathode catalyst layer; PEM - proton 
exchange membrane. 
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Analogous cathode and anode reactions in the MEA for a H 2 /0 2 fuel cell are: 
Cathode: l/20 2 + 2H + + 2e ->• H 2 0 (7.21) 

Anode: H 2 -*2 H + + 2e (7.22) 

The flow of ionic charge through the electrolyte must be balanced by the flow 
of electronic charge through an outside circuit, and it is this balance that produces 
electrical power. 

7.2.1 Classification of MEA Materials 

As mentioned above, there are three main components in an MEA, including 
membrane, CL and GDL. 

1) Membrane. Perfluorosulfonic acid (PFSA) is the most commonly used 
membrane material [4]. PFSA membranes are relatively strong and stable in both 
oxidative and reductive environments, since the structure of PFSA is based on a 
PTFE backbone. The conductivity of a well-humidified PFSA membrane can be as 
high as 0.2S cnf 2 . As is well known, fuel cell operation at elevated temperatures 
can increase the rates of reaction, reduce problems related to catalyst poisoning, 
reduce the use of expensive catalysts, and minimize problems due to electrode 
flooding. Unfortunately, a PFSA membrane must be kept hydrated to retain its 
proton conductivity. Moreover, a PFSA membrane is alcohol permeable if it is 
used in DAFCs. Because of the disadvantages of PFSA membranes, many 
alternatives have been proposed [106]. Five categories of membranes are 
classified: (1) perfluorinated, (2) partially fluorinated, (3) non-fluorinated, (4) non- 
fluorinated composite, and (5) others. 

2) Catalyst layer. In intimate contact with the membrane and the backing layer 
is the CL. This CL, integral with its binder, forms the electrode. Although we know 
that the reaction of oxygen and hydrogen to form water is a thermodynamically 
spontaneous reaction, the reaction rate is extremely slow at normal conditions. 
That is why the catalysts should be used to accelerate the reactions. 

The type of catalyst used in PEMFCs depends on the type of fuel used. Pt/C is a 
frequently used catalyst for both anode and cathode in an H 2 /0 2 (air) PEMFC. It has 
been found that oxygen reduction on a Pt 3 Ni( 111) surface is 10-fold more active 
for the ORR than the corresponding Pt(lll) surface, and 90-fold more active than 
the current state-of-the-art Pt/C catalysts [61]. Zhang et al. reported that Pt 
catalysts can be stabilized against dissolution under potential cycling regimes by 
modifying Pt nanoparticles with Au clusters [63]. Flowever, tolerance to CO is an 
important issue for catalysts used in DAFCs. It has been proven that PEMFC 
performance drops with a CO concentration of only several ppm. This is due to the 
strong chemisorption force of CO onto Pt catalyst [107]. Catalyst alloying is one of 
the methods to solve the CO problem. Mehta and Cooper summarized 26 anode 
catalysts in their review paper [108]. It is well known that Pt-Ru/C is the most 
accepted CO-tolerant catalyst for DAFCs [82]. 

Non-Pt catalysts are extremely interesting, due to limited Pt sources and high 
cost. Pd-based [57,1011], Ag-based [55] and WC promoted [57] cathode catalysts 
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are recently reported. It is found that the Pd-Ti, Pd-Fe, Pd-Au and Pd-Co-Au 
catalysts show better performance than that of pure Pd catalyst. Suo et al. 
suggested that the key to improving Pd-based catalysts for ORR is alloying Pd with 
elements of smaller atomic size to form a “Pd-shell/alloy-core” structure so as to 
take advantage of the lattice-strain effect and to prevent the disadvantageous 
surface-ligand effect [111]. Shen’s group prepared Ag on tungsten carbide 
catalysts for ORR [55]. These Pt-free catalysts showed high activities similar to 
those of Pt-based catalysts. The novel catalysts demonstrate unique selectivity 
towards the ORR in the presence of methanol, ethanol, isopropanol and glycerol. 
The Pd-Au supported on the WC catalyst showed a more than 70 mV reduction on 
the overpotential for ORR compared to that of Pt/C catalyst, indicating a 
synergistic effect [57]. 

3) Gas diffusion layer (GDL). The polymer membrane is sandwiched between 
two sheets of porous backing media, which are referred to as gas diffusion layers 
(or current collectors). The GDLs are usually made of a porous carbon paper or 
carbon cloth, typically 1000 pm thick. The GDL acts as a gas diffuser, provides 
mechanical support and an electrical pathway for electrons, and transfers water 
away from the electrodes. The porous structure allows the gas to spread out as it 
diffuses so that the gas will be in contact with the entire surface area of the 
catalyzed membrane. The GDL is typically water-proofed to ensure the rapid gas 
diffusion necessary for good fuel cell performance. 

7.2.2 Methods for MEA Fabrication 


There are different coating processes for the generation of CLs in MEAs. The 
traditional mode is that the CL is applied to the GDL, followed by membrane 
addition [1]. The other mode is that the CL is directly applied to the membrane 
(catalyst coated membrane, CCM) followed by GDL addition [6, 78]. Figure 7.8 
shows the configuration of MEAs for two preparation modes. 



CL GDL 



a 


M 



Figure 7.8. The configuration of MEAs for (a) the CL on GDL mode and (b) the CL on 
membrane mode. GDL - gas diffusion layer; CL - catalyst layer; M - membrane. 


There are several methods for creating the CL on a GDL or membrane. For 
mode one, five methods are summarized here. 

Spreading : The spreading method spreads PTFE-containing catalyst ink on a 
carbon matrix and then heat treats it. 
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Spraying [112]: In this method, the catalyst ink is repeatedly sprayed on a sheet 
of carbon paper. Between each spraying, the carbon matrix is heated to evaporate 
the solvent, in order to prevent the components from re-dissolving in the next 
spraying. 

Catalyst powder deposition [113]: Bevers et al. described this method, in which 
all the powder components are mixed in a fast running knife mill and then are 
applied onto the carbon matrix. 

Ionomer impregnation [4]: In this method, the catalyst and PFSA suspension in 
alcohol and water are premixed before the CL is deposited. The GDL/catalyst 
assembly is formed by applying the catalyst ink onto the carbon matrix. 

Electrodeposition [4, 114]: In this method, the metal catalyst is deposited at 
conducting sites on a carbon matrix. 

Mode two had five methods, outlined here: 

Impregnation reduction [115]: The membrane is pre-exchanged to the Na + 
form. One side of the membrane is faced to an aqueous Pt salt-containing solution 
for impregnation and the other side of the membrane is in contact with aqueous 
NaBH 4 reductant. The Pt precursor on the other side is reduced to metal Pt by 
diffusing the reductant through the membrane. Pt loadings in the order of mg Pt 
cnf 2 can be deposited. 

Catalyst decal transfer [6, 78]: In the catalyst decaling method, the catalyst ink 
is cast onto a PTFE blank for transfer to the membrane by hot pressing. A thin CL 
is left on the membrane when the PTFE blank is peeled away. Finally, the 
catalyzed membrane is re-hydrated and ion-exchanged to the H + form by 
immersing it in hot dilute FLSCL solution. 

Evaporative deposition [115]: Low Pt loadings CLs can be prepared by this 
method. The difference with the impregnation reduction method is that after the Pt 
precursor is evaporatively deposited onto a membrane, the entire membrane is 
immersed in a reductive solution rather than only one side contacting the solution. 
Catalyst loadings of < 0.1 mg Pt cm 2 can be prepared. 

Dry spraying [116]: In this method, the components are mixed in a knife mill. 
The mixture is then atomized and sprayed in a nitrogen steam through a slit nozzle 
and onto the membrane. A CL with a thickness as little as 5 pm can be prepared by 
this method. 

Painting [4, 79, 80]: In the painting method, the catalyst ink is painted directly 
onto a dry membrane in the Na 1 form. Caution should be taken to avoid distortion 
and cracking during drying. 

Wee and co-workers recently reviewed the fabrication methods for low-Pt- 
loading electrocatalysts in PEMFCs. Various methods reported since 2000 for 
reducing the Pt loadings and increasing the Pt utilization of electrocatalysts in 
PEMFCs were summarized and compared [117]. 

7.2.3 Technical Considerations 

Tremendous progress has been made in CL technology in recent years. However, 
there is still room for further improvement in the area of technical considerations, 
as this section describes. 
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(1) How to maximize the three-phase interface of the CL. It is well known that 
the performance of a CL depends on its electrochemically active surface area. 
Optimizing the ratios of the components, the structure, the thickness and the 
hydrophobicity or hydrophilicity is necessary. 

(2) How to stabilize the metal particles on the support. The metal particles on 
supports, like carbon powder or carbon nanotubes, undergo agglomeration or 
detach from the support. This is because the nanoparticles are active and mobile— 
and thus have a tendency to agglomerate together—and there are no chemical 
bonds between the particles and the support. It is necessary to structure the support 
in such a way that allows the metal particles to anchor tightly on the surface of the 
support. 

(3) How to reduce the degradation of the components in a CL. As described 
above, the catalyst particles, binder and carbon support degrade during the 
operation due to chemical and electrochemical corrosion. Graphitization is one 
way to increase the stability and conductivity of the support. Another possible way 
is to make uniform defects on the outer walls of the carbon nanotubes to anchor the 
metal particles. Part of the metal particle embeds into the etched pore on the 
surface, and these embedded particles can increase the contact area and 
consequently increase the stability. 

(4) How to accelerate the activation of the CL. Technically, there is a key step 
in making a fuel cell stack work. This step is the activation of the MEA. In fact, 
this process dredges the CL to reach its maximum activity. Activation of the MEA 
usually takes a long time, depending on the CL structure and the method used. 
Understanding this process well is important for optimizing the CL structure and 
activation method. 

7.2.4 MEA for Anion Exchange Membrane Fuel Cells 

It is still a problem to make MEAs for AEMFCs. The main obstacle is the lack of a 
binder which matches the anion exchange membrane. Varcoe et al. prepared 
catalyst layers on carbon cloth, for both anode and cathode, by using PTFE as the 
binder. They found that it is difficult to laminate the catalyst layer to a 
poly(ethylene-co-tetrafluoroethylene) membrane by hot press [118]. The electrodes 
and membrane are therefore simply assembled into the fuel cell fixture, non- 
laminated. 

Matsuoka et al. used a 240 pm-thick ammonium-type anion exchange 
membrane (AHA) to prepare an MEA [119]. The AHA membrane is composed of 
tetraalkyl ammonium groups as fixed cation groups bonded to a polyolefin 
backbone chain. The Cl-form membrane was changed to an OH-form before use. 
Commercial quarternalized poly(4-vinylpyridine) (MW ca. 102,000) was used as 
the CL binder. The results showed that the alkaline direct alcohol fuel cells using 
silver as a cathode catalyst gave good performance, comparable to those using a 
platinum catalyst with mol dm ethylene glycol. Park et al. prepared anion- 
exchange membranes by mixing an amine agent of trimethylamine (TMA) as a 
monoamine and various diamines, such as /V, /V, /V /V ’-1ctramcthyI methanediamine 
(TMMDA), N,N,N /V'-1ctramclhyIcthyIcncdiaminc (TMEDA), and so on. They 
used 5 wt% chloromethylated polysulfone (CMPsf) in DMAc as the ionomer 
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binder to prepare MEA [120]. The H 2 /air AEMFC performance of the MEA with 
0.5 mg cnf 2 Pt/C at the anode and the cathode, respectively, was comparable to the 
performance of one with 0.5 mg cnf 2 Pt/C at the anode and 2.0 mg cm 2 Ag/C at 
the cathode to reach the 20 mW cnf 2 of the peak power density. 


7.3 Conclusions 

As electrochemical reaction sites, CLs play an extremely important role in the 
performance of fuel cell stacks. A CL mainly consists of catalyst, support and 
binder. The CL is usually coated on the surface of the GDL. Another method has 
the CL directly applied to the membrane (catalyst coated membrane, CCM). The 
selection of the components, the proper ratios of those components, the structure of 
the formed CL and the formation method of the CL are critical factors in the 
performance of a fuel cell. The stability of the fuel cell performance is directly 
related to the stabilities of the catalyst, binder and support in the CL. Degradation 
of catalytic activity would be due to the agglomeration of the catalyst particles and 
their detachment from the support, the degradation of the binder, and the oxidation 
and corrosion of the support, particularly at the cathode. Further improvement in 
CL performance is possible. The basic technical considerations include how to 
maximize the three-phase interface of the CL, how to stabilize the metal particles 
on the support, and how to reduce the degradation of the components in the CL. 

The membrane electrode assembly is a sandwich structure, consisting of 
membrane, catalyst layer and gas diffusion layer. The flow of ionic charge through 
the membrane is balanced by the flow of electronic charge through an outside 
circuit. Mass transfer and heat and water management in an MEA are recognized 
as important for maintaining better steady-state performance of a PEMFC. 
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8.1 Introduction 

Polymer Electrolyte Fuel Cells (PEFCs) are promising electrochemical devices for 
the direct conversion of chemical energy of a fuel into electrical work [1-5]. 
Enormous research programs worldwide explore PEFCs as power sources that 
could replace internal combustion engines in vehicles and provide power to 
portable and stationary applications. Typically PEFCs operate below ~80 °C. 
Anodic oxidation of FE produces protons that migrate through the polymer 
electrolyte membrane (PEM) to the cathode, where reduction of 0 2 produces water. 
Meanwhile, electrons, produced at the anode, perform work in external electrical 
appliances or engines. Unrivalled thermodynamic efficiencies, high energy 
densities, and ideal compatibility with hydrogen distinguish PEFCs as a primary 
solution to the global energy challenge. 

In spite of the abundance of promising demonstrations of vehicles and devices 
powered by PEFCs, success at the commercial stage is far from being guaranteed. 
New generations of fuel cells have to surpass established energy conversion 
technologies in power density, operational flexibility, stability, and cost. To give 
an idea of the magnitude of this challenge: currently used PEFC stacks in prototype 
cars are about 100 times more expensive than conventional combustion engines 
(~$30/kW), albeit distinctly inferior in durability [5]. 

Ten years ago it was a common view among stakeholders in industry and 
academia that requisite progress could be achieved with engineering-type 
optimization, relying on existing materials. Nowadays, it is widely recognized, that 
progress in PEFC technology hinges on breakthroughs - not incremental changes! 
- in design, fabrication and implementation of innovative materials. Specific 
targets for improvement involve (i) increasing kinetic rates of electrocatalytic 
processes at electrodes, (ii) minimizing parasitic voltage losses due to transport of 
protons and electrons in conduction media and of reactants and water in porous 
diffusion media, (iii) providing uniform distributions of reaction rates, (iv) 
balancing water and heat fluxes, and (v) improving the long-term stability of 
materials. In operational PEFCs all components have to cooperate well in order to 
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optimize the complex interplay of transport and reaction. This optimization 
involves more than 50 parameters [6]. 

The toughest competitions between random composite morphology and 
complex coupled processes unfold in the catalyst layers (CLs), the cathode catalyst 
layer (CCL) in particular [7]. All species and all processes that occur in the cell 
also occur in the catalyst layers: electrochemical reaction, diffusion of hydrogen or 
hydrocarbon-based fuels (anode) and oxygen (cathode), migration and diffusion of 
protons, migration of electrons, water transport by diffusion, permeation, 
electroosmotic drag, as well as vaporization/condensation of water. Electrical 
current is generated/consumed at nanoparticles of Pt, which are randomly 
dispersed on a high-surface carbon matrix [8]. During fabrication, the colloidal 
solution of carbon/Pt and ionomer self-organizes into a phase-segregated 
composite with interpenetrating percolating phases for the transport of electrons, 
protons, and gases [7]. As explored in [7], the process of microstructure formation 
depends on the type of the supported catalyst (carbon, Pt), the type and amount of 
ionomer added, the type of dispersion medium used during ink preparation, and the 
fabrication conditions (temperature, pressure). 

Electrochemical reactions occur only at those Pt particles where the three 
phases meet. Major constraints of this design are: (1) statistical limitations of the Pt 
utilization due to the random three-phase morphology and (2) highly non-uniform 
reaction rate distributions that arise when the thickness of the layer ( L (1 ~ 10 pm ) 
is large compared to the so-called “reaction penetration depth” S CL that is 
determined by the inteiplay of transport and reaction. These conditions lead to 
underutilization of Pt and irreversible voltage losses, with those due to oxygen 
reduction in the CCL (~400 mV) diminishing cell efficiency by 3 0—40%. An 
increase by a factor 10 in the surface area of Pt reduces these losses by 60-120 
mV. Pt is, however, an expensive and limited resource. For a 60 kW fuel cell 
vehicle, the current cost of Pt is over $2400 [5]. A simple estimate shows that 
replacing combustion engines in all existing vehicles by fuel cell drive systems at 
no penalty in power would by far exhaust all known reserves of Pt. It is thus 
evident that drastic improvements in power density, durability, and cost would be 
impossible without a breakthrough in the concept of CLs. 

Outline. In this chapter we will provide a detailed overview of recent efforts in 
theory, molecular modeling, and performance modeling of CLs in modern PEM 
fuel cells. Our major focus will be on state-of-the-art CLs with porous 
carbonaceous substrates and random composite morphology. We will evaluate the 
pertinent design and compare it with recent advanced design strategies. In Section 
8 .2, we will provide a general discussion of structure and processes in catalyst 
layers and how they transpire in the evaluation of performance. Section 8.3 reviews 
the state of the art in theory and modeling. In Section 8.4, we will discuss aspects 
related to self-organization phenomena in catalyst layer inks during fabrication, 
controlled by fundamental interactions between the various components. These 
phenomena determine the evolution of effective properties for transport and 
electrocatalytic activity. Thereafter, we will present catalyst layer models in 
Section 8.5 that involve parameters related to structure, processes, and operating 
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conditions and describe the concepts that have been developed to relate these 
ingredients to performance. 

From the insights presented we will draw conclusions about potential 
improvements of catalyst effectiveness, voltage efficiency, water handling 
capabilities, and stability through optimized operating conditions and through 
radically new structural design. In this chapter we will not include the modeling of 
the electrochemical impedance response of porous electrodes or catalyst layers. 
Recent comprehensive coverage on this important topic can be found in the 
literature [3,9]. 


8.2 Understanding Structure and Operation of Catalyst Layers 

8.2.1 Challenges for the Structural Design 

Overall, FC design can be thought of as an optimization problem in a space of 
several tens of parameters; the optimization targets include power density, energy 
density, voltage efficiency, cost, and lifetime. The detailed requirements depend on 
the envisaged application. The large number of parameters opens up a broad field 
for fundamental physics and chemistiy, experimental research, materials science, 
and engineering [1-2, 6]. Theory and modeling form the solid bedrock to guide 
these efforts. 

For the catalyst layers, the foremost objective is to obtain the highest reactivity 
or transfer current density with respect to the desired electrochemical reactions 
with a minimum amount of the catalyst (DOE target for 2010: 0.29 g Pt per kW). 
This requires a huge electrocatalytically active surface area, small kinetic barriers 
to bulk transport and interfacial transfer of protons, electrons and reactant gases, 
and proper handling of product water and waste heat. 

No homogeneous phase could fulfill the conflicting needs for high 
electrochemical activity and high rates of transport of involved species 
simultaneously. CLs in general demand composite morphologies of several 
inteipenetrating phases. A solid substrate is needed for electron conduction. In 
current CLs this corresponds to the carbon phase. A water phase in the void spaces 
of the solid substrate could act as a medium for diffusion and permeation of 
protons, water and reactants. Such fully-flooded two-phase CLs could work well 
when they are made extremely thin, not exceeding thicknesses of 
L cl —100 - 200 nm , so that rates of diffusion of reactant molecules and protons in 
liquid water are sufficient for providing uniform reaction rate distributions over the 
entire thickness of the layer. 

Gas diffusion is a much more effective mechanism of reactant supply and water 
removal. Yet, CLs with sufficient gas porosity, usually in the range 
X P ~ 30% - 60%, have to be made much thicker, L cl ~ 10 pm - 20 pm . At such 
thicknesses, proton diffusion in liquid water is not sufficient for providing uniform 
reaction conditions. Porous gas diffusion electrodes are therefore impregnated with 
proton-conducting ionomer, usually Nafion [1-2, 4], Resulting CLs are random 
composite media of carbon/Pt, ionomer, and a complex pore space. 
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The two major improvements in the catalyst layer design have been the 
incorporation of Pt or Pt group metal nanoparticles with sizes in the range of 2-5 
nm and the impregnation or colloidal mixing of the high surface area carbon 
support with ionomer. The former step provides a significantly enhanced 
electrocatalytically active surface area. The latter step ensures uniform access of 
protons to active Pt surface throughout the complete layer. As first demonstrated 
by Ian D. Raistrick at Los Alamos National Laboratory (LANL), these steps 
enabled a dramatic reduction of catalyst loading [10]. This preparation technique, 
later refined at LANL [11], evolved into the standard method of catalyst layer and 
MEA fabrication. It has been employed and continuously improved by laboratories 
worldwide. Nowadays, ionomer completely replaces the PTFE that had formed a 
major component as a binder and hydrophobizing agent in early fabrication 
methods. By these measures catalyst loadings have been reduced from about 4-10 
mg Pt/cm 2 (in the 1980s) to about 0.4 mg Pt/cm 2 today. 

How can we depict the process of catalyst layer formation? Self-organization of 
ionomer and carbon/Pt in colloidal ink solution leads to the formation of phase- 
segregated agglomerated morphologies. Agglomerates (with radii 
R a — 30 nm-100 nm ) consist of primary particles of carbon (with sizes in the 
range of 5 nm-10 nm ) onto which Pt nanoparticles are deposited. It was found in 
[7] that ionomer molecules do not penetrate into the Pt/carbon clusters. Instead 
they form a separate proton-conducting film of thickness ~10 nm that is attached to 
the surface of agglomerates. Notice that penetration of Nafion into the 
agglomerates depends on fabrication technique, Nafion concentration, type of 
carbon, and the kinetics of the agglomeration process. 

The typical agglomerated structure provides a bimodal, bi-functional Pore Size 
Distribution (PSD), with primary pores between Pt/C particles inside of 
agglomerates (with pore radii r M =l-10nm) and secondary pores between 

agglomerates (r M =1-10 nm). There is a competition between secondary pores 
and ionomer domains to occupy the voids between agglomerates. 

Coarse-Grained Molecular Dynamics (CGMD) studies of self-organization 
phenomena in catalyst layer inks during fabrication have recently confirmed this 
structural picture [7]. We will describe these calculations and the insights into 
structural formation and correlations in detail in Section 8.4. Agglomeration and 
the dual porosity network, occurring spontaneously in the formation process, are 
essential for operation, as we will discuss in detail in Section 8.5. The notion of 
agglomerates is, moreover, consistent with the majority of experimental data [12]. 

8.2.2 Porous Electrode Theory: Historical Perspective 

The importance of structural effects in gas diffusion electrodes was realized long 
before the development of the current generation of CLs for PEFCs. The basic 
theory of gas diffusion electrodes, including the interplay of reactant transport 
through porous networks and electrochemical processes at highly dispersed 
electrode|electrolyte interfaces, dates back to the 1940s and ’50s [13, 14]. Later 
work realized the importance of surface area and utilization of electrocatalysts in 
porous electrodes [15]. A series of seminal contributions by R. De Levie opened 
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the way to the exploration of the electrochemical impedance response for the 
characterization of porous electrodes [16-18]. The transmission line approach of 
De Levie constituted the seed for the study of interfacial phenomena in fractal 
electrodes [19-24], 

Major contributions to the development of the macrokinetic or 
macrohomogeneous theory of porous electrodes were made by Yu. A. 
Chizmadzhev and Yu. G. Chirkov [25-27]. In these works the importance of the 
inteiplay of oxygen diffusion and interfacial kinetics had already been realized. For 
oxygen reduction electrodes, a large electrocatalytically active surface area per unit 
volume, ,S' cl , has to compensate for the smallness of the intrinsic activity per unit 

real surface area, i.e., of /"*, of any known electrocatalyst. The characteristic pore 
dimension, r p , should be small in order to guarantee a large .S' el , which scales 
roughly as S A ~ l/r p . On the other hand, high rates of the electrochemical reaction 
should spread over the entire thickness of the electrode, L A , requiring high rates of 
transport of reactants and products via diffusion paths. In the limit of fast reactant 
diffusion, the internal electrode surface would be utilized uniformly for current 
conversion, i.e., resulting in the following proportionalities of the Faradaic current 
density j oc f*S A L A . This proportionality is only valid at low thickness, 
4i « 4i, where S A is the so-called “reaction penetration depth”. We will 
elaborate on this property below. The necessity to optimize the pore space in view 
of gaseous transport and electrochemical reaction was already well comprehended 
at that time [25]. 

The importance of microstructural optimization of hydrophobic gas diffusion 
electrodes was emphasized in an article by Tantram and Tseung from 1969 [28]. 
These authors considered porous electrodes that consisted of mixtures of finely 
dispersed Pt black particles, bonded by polytetrafluoroethylene (PTFE). 
Hydrophobic and hydrophilic parts formed interconnected networks of porous 
PTFE and porous catalyst aggregates. These authors recognized the importance of 
agglomeration and dual hydrophobic/-philic porosity. The functional distinction of 
hydrophobic mesopores and hydrophilic micropores led to the development of the 
flooded agglomerate model by Giner and Hunter, who explored the effects of 
intrinsic catalyst activity, internal porosity, and real catalyst surface area on 
electrochemical performance of Teflon-bonded electrodes [29]. Their original 
model considers the electrode as a bunch of parallel flooded cylinders that consist 
of a homogeneous mixture of catalyst and liquid electrolyte. Elongated, sample- 
spanning void spaces between the cylinders provide the pathways for gaseous 
diffusion. 

Similar agglomerate approaches were adopted by Iczkowski and Cutlip [30] 
and by Bjornbom [31]. Those works already identified the doubling of the apparent 
Tafel slope as a universal signature of the inteiplay of mass transport limitations 
and interfacial electrochemical kinetics. Flooded agglomerate models have been 
employed since then to analyze sources of irreversible voltage losses, optimum 
electrode thickness, and effectiveness of catalyst utilization. Moreover, it was 
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suggested that electrodes with continuous distributions of catalyst and electrolyte 
cannot give rise to diffusion-limited current densities. 

Simple pore models, [32] thin film models, [33] macrohomogeneous models, 
and refined variants of agglomerate models are still being applied and further 
developed for the present generation of ionomer-bound composite catalyst layers in 
PEFCs [34-38]. Effectiveness factor approaches have been elaborated as 
quantitative tools to compare active layers [39]. Moreover, macrohomogeneous 
electrode models have been integrated into simulation approaches for complete 
PEFCs [40]. Notably, in spite of the widely recognized importance of 
microstructural effects in CLs, many earlier approaches in fuel cell modeling at the 
cell and stack levels, e.g., those employing computational fluid dynamics, were 
treating CLs as infinitesimally thin interfaces without structural resolution, whose 
only physical property explicitly considered is the rate of current conversion or 
exchange current density. This could lead to wrongful or misleading conclusions 
about the causes of the main detrimental effects in PEFC performance. Nowadays, 
pertinent CFD models of fuel cells, implemented in FLUENT and CFD Ace+, 
account for structural details and two-phase flow phenomena in catalyst layers 
[41]. 

A model for composition effects in ionomer-bound catalyst layers of PEFCs 
was developed by Tom Springer and colleagues at LANL [42, 43]. Springer’s one¬ 
dimensional macrohomogeneous model accounts for irreversible voltage losses due 
to gas transport, ionic conductivity, and interfacial kinetics at the Pt/ionomer 
interface. It represents a first significant attempt to relate these losses to operating 
conditions and effective parameters of transport and reaction in PEFCs. A fit 
between model and experimental data allowed quantifying voltage losses caused 
by kinetic processes and transport of oxygen and protons. 

Since then, other groups have adopted similar models. Assets of this approach 
are versatile: (i) it relates global performance of CCLs to immeasurable local 
distributions of reactants, electrode potential and reaction rates; (ii) it defines a 
penetration depth of the active zone; and (iii) it suggests an optimum range of 
current density and catalyst layer thickness with minimal performance losses and 
highest utilization of the catalyst. 

Combination of the macrohomogeneous approach for porous electrodes with a 
statistical description of effective properties of random composite media, 
employing concepts of percolation theory [44-46], significantly enhanced 
capabilities of catalyst layer models with respect to systematic evaluation of 
performance and optimization of thickness, composition, and porous structure [3, 
47-48]. The resulting stracture-based model correlates the performance of the CCL 
with the volumetric amounts of Pt, C, ionomer, and pores. The basis for the 
percolation approach is that a catalyst particle can take part in reactions only if it is 
connected to three percolating clusters of carbon/Pt, ionomer phase, and pore 
space. It has been employed to determine optimum compositions of CCLs with 
respect to maximum voltage efficiency and maximum catalyst utilization [47]. The 
general outline of this strachire-based modeling framework is depicted in Figure 
8.1. We will provide a detailed discussion in Section 8.5. 
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Figure 8.1. Outline of the general framework for structure-based modeling of catalyst layer 
operation in polymer electrolyte fuel cells [51]. (Reprinted from Electrochimica Acta 53.13, 
Liu J, Eikerling M. Model of cathode catalyst layers for polymer electrolyte fuel cells: The 
role of porous structure and water accumulation, 4435-46, ©2008, with permission from 
Elsevier.) 

8.2.3 Misapprehensions and Controversial Issues 

In spite of the long history of porous electrode theory and the recent successes of 
structure-based models of thin-film, ionomer-bound CLs in PEFCs, tenacious 
misapprehensions and controversial issues persist. To begin with, it is not clear 
which type of interfaces, viz. Pt|gas, Pt|liquid water and Pt|ionomer, is most 
abundant and makes the major contribution to the electrocatalytically active 
surface area. Pt|vapor interfaces are disconnected from the proton-supplying 
network; they thus have to be deemed inactive. Water in CCLs is, therefore, 
primarily produced in liquid form. Nevertheless, modeling approaches often 
include a misleading assumption that water is produced in vapor form and that the 
issue of water management is to prevent condensation [49]. 

The relative contributions to electrocatalytic conversion due to Pt|ionomer and 
Pt|water interfaces depends on phase segregation, porous morphology, and wetting 
properties of pores. A larger fraction of hydrophilic micropores will increase the 
contribution of Pt|water interfaces relative to that of Pt|ionomer interfaces [50, 51]. 

The nature of electrocatalytically active catalyst surfaces is related to the vital 
but largely unsettled issue of agglomeration of carbon/Pt and spontaneous phase 
segregation between primary particles of carbon/Pt and ionomer molecules. This 
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motivates recent studies on self-organization phenomena in catalyst layer inks. 
Agglomerates are in general difficult to identify and characterize. The majority of 
data supporting the existence of agglomerates are based on TEM micrographs and 
porosimetry [12, 52-53]. Controversy evolves around size and composition of 
agglomerates. The structure and distribution of ionomer and interactions between 
ionomer and carbon/Pt are of key importance in this context. Commonly 
encountered views are to consider (i) uniform mixtures of ionomer and carbon/Pt 
particles in agglomerates, (ii) a thin uniform film of ionomer surrounding 
agglomerates of C/Pt or, (iii) random uncorrelated percolating phases of C/Pt and 
ionomer. As for the first possibility, simply on the basis of size considerations it 
seems impossible that ionomer fibrils could penetrate into nm-sized pores of 
carbon/Pt agglomerates and form an embedded proton conducting phase therein. 
The ionomer phase itself depends on internal nm-size pores in order to attain 
adequate proton mobilities. In spite of this size paradox many approaches in 
agglomerate modeling employ the so-called Thiele modulus [54, 55], which 
demands uniform penetration of agglomerate pores by an intrinsically proton- 
conductive medium. The other two options, i.e., assuming a thin ionomer film 
uniformly coating agglomerates or independent percolating phases, depend on type 
and strength of adhesive forces between carbon and ionomer. Next, the role of the 
bimodal porous morphology and water accumulation in pores has only recently 
moved into the focus of modeling studies. In general, a large fraction of small 
hydrophilic pores inside of agglomerates with sizes in the range of 1 nm -10 nm 
is advantageous in view of providing a large surface area for the deposition of the 
catalyst. These pores should be flooded with liquid water. For this purpose, it is 
beneficial if they are hydrophilic. On the other hand, larger secondary pores 
between agglomerates are vital for the gaseous transport of reactants. These pores 
should be hydrophobic. As emphasized in [50, 51], understanding the interplay 
between composition, porous structure, wetting properties, and operating 
conditions is crucial for determining distribution, fluxes, and transformation of 
water in cathode catalyst layers. Possible macroscopic manifestations of these 
phenomena are limiting current behavior and the occurrence of bistability in 
current-voltage relations of CCLs. These non-linear phenomena play an important 
role in the selection of operating conditions, and for systematic improvement of the 
structural design of CCLs. 

8.2.4 Effectiveness of Catalyst Utilization 

Numerous publications in fuel cell research dwell on the key issues that are related 
to Pt utilization in PEFCs. A brief survey of representative studies that focus on Pt 
utilization and effectiveness factors can be found in [56]. In the past, ambiguous 
definitions of catalyst utilization have been exploited and rather contradictory 
values have been reported. This could lead to a wrongful assessment as to how 
much the performance of fuel cells could be improved by advanced structural 
design of catalyst layers. As a matter of fact, the accurate distinction and 
determination of catalyst utilization and effectiveness factors has a major impact 
on defining priorities in catalyst layer research. 
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Pt utilization is a materials property. It is defined as the ratio of the 
electrocatalytically active surface area, which is accessible to electrons and 
protons, to the total surface area of Pt, 



( 8 . 1 ) 


Pt utilization has been considered under different conditions, viz. in the catalyst 
powder and in the membrane electrode assembly (MEA) of an operational fuel 
cell. The electrocatalytically active surface area in the catalyst powder, *S , pt ESA , can 

be estimated from the charge under the H-adsorption or CO-stripping waves 
measured by thin-film rotating disk electrode (TF-RDE) voltammetry in H 2 S0 4 
solution [57-59]. The total surface area, ,S' tot , can be calculated from the mean 
particle size determined by XRD experiments [57, 58] or from HR-TEM images 
[59], based on the assumption that the particles are spheres with surface area 
4/Tiy,. For powders of carbon-supported Pt nanoparticles values of z/ pt were 
reported to be 109% by Easton and Pickup [57], 125% by Shan and Pickup [58], 
and 100% by Schmidt et al. [59]. The fact that the estimated utilization is greater 
than 100% is usually attributed to contributions from background currents (e.g., 
including that for H 2 evolution) to the measured charge. 

The purpose of studying Pt utilization in the catalyst powder is to evaluate the 
electronic connectivity of carbon/Pt and maximum ionic accessibility of Pt 
nanoparticles. 100% of Pt utilization means that all of the Pt nanoparticles are 
connected to the electronic conduction network and the entire Pt surface is 
accessible for protons. Close to 100% Pt utilization in the powder immersed in 
liquid electrolyte is possible, since only a negligible fraction of the Pt surface is 
covered by carbon particles. If Pt nanoparticles were supported by a polymer 
material such as poly(3,4-ethylenedioxythiophene)/poly(styrene-4-sulfonate), Pt 
utilization was reported to be only 43-62%, which is due to poor electronic contact 
of Pt nanoparticles with the polymer support and blocking of the Pt surface with 
the polymer [58]. 

The Pt utilization in the catalyst layer of an operational MEA can be estimated 
from the charge under the H-adsorption waves in cyclic voltammetry (CV) using 
driven-cell mode [59]. For example, to determine the accessible Pt surface area of 
a cathode, the cathode compartment of a single cell is purged with humidified 
nitrogen, serving as the working electrode, while the anode compartment is purged 
with humidified hydrogen, serving as both counter and reference electrode. In 
some studies, ,S' tot was calculated from the mean particle size, and Pt utilization in 
the cathode was reported to be 34% by Dhathathreyan et al. [60], 45% by Cheng et 
al. [61], 52% by Sasikumar et al. [62], and 55-76% by Li and Pickup [63]. As 
mentioned above, S M could also be obtained by the TF-RDE method, and Pt 
utilization in the cathode was reported to be 86-87% [59], and 90% by Gasteiger et 
al. [64]. Compared with Pt utilization in the catalyst powder, the reduced Pt 
utilization in the catalyst layer of a fully functional MEA originates from two 
effects. Some Pt nanoparticles may be encapsulated by ionomer and, therefore, lose 
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electronic contact during the fabrication process. The other effect is that a fraction 
of the Pt particles are neither covered by ionomer electrolyte nor wetted by liquid 
water, implying that they are disconnected from the proton-supplying network. 

The foregoing discussion reveals large uncertainties in determining Pt 
utilization in experiment. The total charge transferred upon hydrogen adsoiption 
may involve non-wetted inactive catalyst surface area or include the catalytically 
inert substrate surface due to spillover effects [65]. Usually, the surface area 
obtained from hydrogen adsorption and CO-stripping methods could be different 
from the active area in an operating fuel cell. Moreover, the values z/ Pt provided do 
not account for non-uniform reaction rate distributions, which arise at finite rates 
of reactant transport and consumption under stationary fuel cell operation. 

The universal physical parameter for evaluating successful design of CLs is the 
exchange current density per unit apparent surface area of the electrode, j°. It is 
the key property to relate complex structures and processes in CLs to catalyst 
utilization, distributions of reaction rates, irreversible voltage losses, and non-linear 
phenomena in current-voltage response curves. j° represents the capability of a 
CL to convert chemical flux of reactants into electronic current. The following 
expression suggested in [50] elucidates challenges at multiple scales that the design 
of CLs is facing, 


/ = 2-10 3 K]/*r stat , with T stat = g s/v r a g(^ r ) ' / ^ lcX ^ (8.2) 

In order to minimize parasitic voltage losses in the cell, j° should be maximal. 
Catalyst loading, [zw pt ] (in units mg cm' 2 ), should be minimal in order to 
minimize costs. All remaining factors in Equation 8.2 should, thus, be maximal. 
The factor 2 -10’ is the ideal Pt surface area per real electrode surface area for 
spreading a Pt loading of 1 mg cm 2 as a monoatomic layer; this value is a 
theoretical baseline for total active surface area at the atomistic scale. The specific 
exchange current density, j° , normalized to the unit surface area of the 
electrocatalyst, is the target of fundamental studies in electrocatalysis [8, 66-67]. It 
is known from numerous experimental studies that size, surface morphology, 
electronic structure of catalyst nanoparticles as well as the properties of the 
substrate determine the electrochemical activity, i.e., j° . Predictive relations 
between particle size and activity are, however, difficult to establish, since the size 
of particles also affects electronic and geometric properties at their surface. 

The factors in T stat in Equation 8.2 account for statistical limitations of catalyst 

utilization on a hierarchy of scales. At the nanoscale, s slw is the surface-to-volume 
atom ratio of Pt nanoparticles, which scales roughly as 1 / r pt . Particles with 

diameters < 3 nm give s SIY > 50%. Since only surface atoms could be potentially 
active, this has a direct impact on catalyst utilization. Additional structural effects 
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at the single particle level include the presence of active and inactive sites on the 
catalyst surface [68]. At the mesoscopic scale, the effectiveness factor of catalyst 
utilization of agglomerates, T a , is mainly an electrostatic phenomenon [69]. The 

factor g (.S',), where .S', is the liquid water saturation, is the wetted fraction of pore 


surface area in the CL, accounting for the fact that only water-wetted Pt can be 

f(X Ptc x e i) 

reached by protons and, therefore, be active. The last factor —-- : - 

X 


represents the statistical fraction of Pt particles at or near the triple phase boundary 
of solid carbon/Pt phase (volume fraction A ptt ), ionomer phase ( X d ), and pore 


space ( X p = 1 - A ptt - X A ) [3, 47-48]. Overall, maximizing the ratio j° /[m rt ] is a 

major objective in fuel cell research. This task represents a joint challenge for 
electrocatalysis and for understanding statistical inhomogeneity in random 
composite media with hierarchical structure. 

At this point, it is important to realize that the ultimate optimization target of 
electrode design is not Pt utilization, which is a static statistical property of a 
catalyst layer, but more importantly the effectiveness factor, which includes as well 
the effects of non-uniform reaction rate distributions due to mass transport 
phenomena at finite current densities in the operating fuel cell. In simple ID 
electrode theory, the inteiplay of j° with transport parameters of reactants. 


protons, and electrons determines the “reaction penetration depth” <3' c ., [3], The 
criterion for uniform reaction rate distributions is that the reaction penetration 
depth is comparable to or larger than the thickness of the CL, J CL > L ( l . 


8.2.5 Evaluating the Performance of CLs 

In general, the performance of PEFCs can be rated based on the dependence of the 
fuel cell working voltage on current density, i.e., E (/ 0 ). The deviations of E (/ 0 ) 

from the equilibrium or open circuit voltage, EX , can be interpreted as a 
fingerprint of various sources of irreversible voltage losses. This inteipretation is, 
however, highly nontrivial and often controversial. 

The voltage efficiency is 




HJo) 


(8.3) 


The total efficiency of a PEFC, £ cell , is given by the product 

^cell = £ th ' £ V 


(8.4) 


with the thermodynamic efficiency, 
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AG _ -n t FE eq 
AH ~ -n t FE eq +TAS 


(8.5) 


where AS is the entropy change of the reacting system and E eq is the reversible 
cell voltage, given by the Nernst equation, 


E eq =~-G_ = ^ _ E ^ a =E o + RJi [n 
n,F 2 F 


[h 2 ][o 2 


nl/2 X 


[h 2 o] 


( 8 . 6 ) 


At stack and system levels, additional factors due to non-optimal reactant 
consumption have to be taken into account in evaluating the overall energy 
efficiency. 

If we only focus on the operation of membrane electrode assemblies (MEAs), 
E mainly includes irreversible voltage losses due to proton conduction in the 
polymer electrolyte membrane (PEM) and voltage losses due to transport and 
electrocatalytic activation of ORR in CCLs, 

E Uo) = E eq - R PEM j 0 - rj CCL (j 0 ) (8.7) 


where R PEM is the Ohmic membrane resistance [70]. Non-uniform distribution of 
water in PEMs due to improper water balance can lead to non-linear effects in the 
membrane resistance. Under extreme conditions, PEM dehydration on the anode 
side can give rise to a limiting current density in E(j 0 ) . In general, R PEM should 

be considered as a function of j 0 [3], The term /? ca ( / 0 ) = 77 (z = 0) = r/ 0 accounts 

for irreversible voltage losses in the CCL. Equation 8.7 neglects other parasitic 
losses, e.g., those due to kinetic hindrances and poisoning in the anode catalyst 
layer or due to flooding and reactant starvation in flow fields. 

The problem is that experimentally determined 7?(y 0 ) relations are usually 

relatively featureless and their interpretation is, thus, ambiguous. They can be 
reproduced with certain ingredients, involving mass transport limitations in any of 
the fuel cell components and activation barriers of kinetic processes in the 
electrodes, which do not necessarily reflect true physical phenomena in CCLs. 
E(j 0 ) curves thus do not provide unique relations between microscopic structural 

characteristics, physico-chemical processes and performance in CCLs. This can 
lead to misconceptions, e.g., in the understanding of the causes of limiting current 
behavior or of bistability phenomena, often observed in fuel cell operation. 
Additional diagnostic tools are needed in order to unravel the complex inteiplay 
between structure, processes, and performance. Compared to the steady-state 
polarization experiment, electrochemical impedance spectroscopy (EIS) is more 
useful for the study of mass-transport limitations in a PEMFC. In an EIS 
experiment, a cell is perturbed from its steady-state operating conditions by 
superimposition of a small sinusoidal signal in the form of either cell potential or 
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operating current over a wide range of frequency. An impedance plot allows 
resolving processes occurring in the cell with different time constants, including 
double layer charging, charge transfer, ion conduction, mass transport, adsorption, 
and desorption. Simple analogues (e.g., in the form of equivalent circuits) or 
physical models are usually needed to deconvolute these processes in impedance 
spectra and extract physical parameters of transport processes and interfacial 
kinetics. Because the dominating processes in PEFCs often change with the change 
of steady-state operating conditions, a better understanding of the transport 
limitations in cells can be obtained from a series of EIS experiments carried out at 
different steady-state current densities. Moreover, transient techniques like current 
interrupt measurements can be used to extract time constants and corresponding 
rate constants of kinetic processes in operating fuel cells. 

A ID model for the physical evaluation of effects of structure and distributed 
processes on stationary catalyst layer performance requires a minimum of two 

phenomenological parameters, the exchange current density f and the reaction 
penetration depth S CL . Each of them is a complicated but unique function of 
structure and operating conditions. Neglecting further complicating traits, for 
instance, issues related to the liquid water balance, these two parameters uniquely 

define the relation between j° and a c rj 0 , where a c is the transfer coefficient of 
the electrode reaction on the cathode side. Thereby, voltage efficiency, energy 
density, power density, and effectiveness of catalyst utilization at given current 
density and catalyst loading can be calculated. 

As discussed above, j° is a static materials property. It is the product of the 
specific electrocatalytic activity of the catalyst surface times statistical factors that 
arise at all scales due to the random morphology and distribution of the catalyst in 
the composite CL, as considered in Equation 8.2. The reaction penetration depth 
S CL is a steady state property, which is mainly determined by the nonlinear 
coupling between transport of oxygen and protons and exchange current density. 
Together, both parameters, f and S CL , determine the overall effectiveness of 
catalyst utilization. 

For illustration purposes we consider here a simple scenario of this interplay. 
We evaluate the effectiveness factor at a fixed cell voltage and thus at a fixed CL 
voltage loss, rj 0 . We can express the corresponding current density as a two- 

variable function j 0 = ,S CL \, where S CL is a function of r/ 0 . This relation 

can be used to determine the effectiveness factor, T CL , of the catalyst layer. In the 
case of severely limited oxygen diffusion, we have the following relations for local 
oxygen partial pressure and current density: 



394 M.H. Eikerling, K. Malek and Q. Wang 


p(z) = exp 
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V L cl j 
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where z = 0 is the PEM|CCL boundary and z = L (:l is the CCL|GDL boundary. In 
Equation 8.8, p = P 0 / P 0 _ is the non-dimensional oxygen partial pressure, where 


P Q is the 0 2 partial pressure at the CCL|GDL interface, b =- is the Tafel- 

2 a c n t F 

4 FP 0 D° 

parameter, and / =- 5 - is a characteristic current density of diffusive flux 

RTL C L 

through the layer (with unit A cm* 2 ). 

For a fixed r/ 0 , the overall effectiveness of Pt utilization can be defined by 


F = r 

1 CL 1 stat 


•r,= 


Jo 


2 - 10 3 [/ 


\J Jo 


(8.9) 


where the first quotient on the right hand side, r stat , corresponds to statistical 
factors in Equation 8.2 and the second quotient, r rf , gives the ratio of the actual 
current density, including transport limitations, relative to the ideal current density 
that would be obtained if reaction rates were distributed in an ideal uniform way 
without any transport limitations. Using Equations 8.8 and 8.9 it can be easily 
demonstrated that 


F = F 

1 CL 1 stat 


^ 1-exp 


-XL J 


( 8 . 10 ) 


In general, Equation 8.10 highlights the importance of adjusting thickness and 
effective properties of transport and reaction in such a way that S CL ~ L a . If we 
replace <5^ by // (l , using Equation 8.8, we obtain the explicit dependence of the 
effectiveness factor on the catalyst layer voltage loss: 



( 8 . 11 ) 
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Equations 8.8 to 8.10 provide a simple means for evaluating various catalyst layer 
designs. This can be applied for ^cl < L cl but it becomes inaccurate for 
S CL — L cl . The crude framework for evaluating catalyst layer performance that 
was described in this section could be refined by including additional transport 
limitations, water accumulation, and higher dimensional effects. 


8.3 State of the Art in Theory and Modeling: Multiple Scales 

The objective of catalyst layer modeling is to establish relations between 
fabrication procedures and conditions, structure, effective properties of transport 
and reaction, and performance. The foregoing sections illustrated that structure and 
function of catalyst layers evolve over a wide range of scales, from microsopic 
processes at supported catalyst nanoparticles to the operation in a fuel cell at the 
macroscopic device level. The modeling of structure and operation of CLs is, 
therefore, a multiscale problem. The challenges for theory and modeling of catalyst 
layer operation are markedly reduced if we realize that the main structural effects 
occur at well-separated scales, viz. at catalyst nanoparticles ( r Pt ~ 2 nm), at 
agglomerates of carbon/Pt (R ;i ~ 100 nm), and at the macroscopic device level 
( L a ~ 10 pin ) of an operating fuel cell, at which CLs can be considered as 
effective homogeneous media. Separate approaches in theory and modeling can 
thus be considered at these different scales, as illustrated in Figure 8.2. 


Supported 

nanoparticle 



□ particle morphology 

□ electronic structure 

□ kinetics & activity 

□ stability 


Mesoscale (agglomerates) 



□ self-organization 

□ phase-segregation 

□ electrostatic effects 

□ effectiveness factor 


Macroscopic device level 



□ random, porous morphology 

□ reaction rate distribution 

□ water balance 

□ voltage efficiency 


Figure 8.2. Illustration of structures and phenomena at multiple scales that control the 
performance of catalyst layers in PEFCs. Left: Pt nanoparticle on carbonaceous substrate (~ 
3 nm); middle: phase-segregation and agglomerate formation at mesoscale (~ 50 nm); right: 
the catalyst layer as a complex composite medium at the macoscopic scale (~ 10 pm). 


At the nanoparticle level, the specific exchange current density, ^ , in 
Equation 8.2 is sensitive to size, surface morphology, and the surface electronic 
structure of Pt nanoparticles as well as to the properties of the substrate [8, 71-75]. 
A better understanding of the relationships between particle size and activity, 
including those effects, is critical in view of the design of highly performing 
catalyst systems [68, 76-78]. Obviously, a reduction in particle size improves the 
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surface-to-volume ratio of catalyst atoms. Yet, the relation between particle size 
and activity is highly non-trivial, since the size of the particles also affects 
electronic and geometric properties at their surface [79]. A complex inteiplay of 
elementary surface processes, including molecular adsorption, surface diffusion, 
charge transfer, recombination, and desoiption, determines observable rates of 
relevant reactions, i.e., reduction of oxygen and oxidation of hydrogen, methanol, 
or carbon monoxide [68, 74-75, 79]. 

Studies of stable conformations of supported nanoparticles as well as of the 
elementary processes on their surface demand density functional theory 
calculations as well as kinetic modeling of reactivities based on Monte-Carlo 
simulations or Mean Field approximations [68, 80]. Due to the complex nature of 
stmctural effects in electrocatalysis only a very few theoretical studies have been 
successful in establishing systematic trends in structure vs. reactivity relations. The 
most successful exception is the tf-band model of Hammer and Norskov [81-83]. It 
manages to relate trends in chemisorption energies for various adsorbates on 
transition metal surface to the position of the d -band center, the first moment of the 
density of states from the Fermi-level. Systematic DFT calculations and 
experiments on series of polycrystalline alloy films of the type Pt 3 M (M = Ni, Co, 
Fe, and Ti) have confirmed predicted correlations between the position of the d- 
band center, oxygen chemisorption energies, and electrode activities for the oxygen 
reduction reaction [84]. This success of the d -band model has fostered efforts in 
devising DFT-based high throughput combinatorial screening schemes for 
identifying highly active electrocatalyst materials [85]. 

Usually, insights gained from DFT calculations are not straightforwardly 
applicable to materials design. In electrocatalysis, direct DFT calculations have 
been applied predominantly for studying elementary surface processes on catalyst 
systems with well-defined periodic slab geometries that mimic single-crystalline 
surface structures. Technical catalyst systems that use supported nanoparticles 
represent special challenges, due to effects of quantum confinement, irregular 
surface structures with a large portion of low-coordination atoms, and the widely 
unexplored role of the substrate [86, 87]. Supported catalyst nanoparticles are 
relatively large systems, consisting of several 100s of atoms and exhibiting 
disordered surface structures. Moreover, substrate effects have to be accounted for. 
Recent efforts employing DFT calculations focused explicitly on morphologies and 
electrocatalytic properties of small metal nanoclusters [88, 89]. Ab initio 
calculations in [90] have explored the strongly modified chemical properties of Pd 
nanoclusters supported on Au(lll). They help in evaluating the electronic 
structure effects exerted by the substrate and the consequences of the low 
coordination of the cluster atoms on the energetics and kinetics of binding small 
atomic or molecular species, e.g., OH ad , CO ad , H ad 

At the mesoscopic scale, interactions between molecular components control 
the self-organization phenomena between molecular components that lead to 
random phase-segregation during fabrication of CLs [7]. Mesoscale simulations 
can describe the morphology of heterogeneous materials and rationalize their 
effective properties beyond length- and time-scale limitations of atomistic 
simulations. A recently introduced computational method allows evaluation of the 
key factors during fabrication of CLs. These simulations rationalize structural 
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factors such as pore sizes, internal porosity, and wetting properties of the 
intemal/external surfaces of agglomerates. They help elucidate whether or not 
ionomer is able to penetrate into primary pores inside agglomerates [91]. 
Moreover, dispersion media with distinct dielectric properties can be evaluated in 
view of capabilities for controlling sizes of carbon/Pt agglomerates, ionomer 
domains, and the resulting pore network topology. The relative contributions to the 
total electrocatalytically active surface area of wetted Pt at the walls of water-filled 
pores inside agglomerates, at the surfaces of agglomerates or at interfaces with 
wetted ionomer, can be rationalized. These insights are highly valuable for the 
structural design of catalyst layers with optimized performance and stability. 

In a porous catalyst layer, as a random heterogeneous nanoporous medium, 
macroscopic properties such as diffusion and reaction rates are usually defined as 
averages of the corresponding microscopic quantities [92]. These averages must be 
taken over representative elementary volume elements (REVs) which are large 
compared to microscopic structural elements (pores, particles) and phase domains, 
but at the same small compared to the system size. At every point in a porous 
medium one uses the smallest such volume to fulfill requirements of transport 
equations such as Fick’s laws of diffusion and to treat the usual macroscopic 
variations of diffusivity, reaction rate, conductivity, connectivity, etc. Complex 
morphologies of the emerging media can be related to relevant effective properties 
that characterize transport and reaction, using concepts from the theory of random 
heterogeneous media [93]. 

Finally, conditions for stationary operation at the macroscopic device level can 
be defined and balanced equations for involved species, i.e., electrons, protons, 
reactant gases and water, can be established on the basis of fundamental 
conservation laws. The general ingredients of a macrohomogeneous model of 
catalyst layer operation are source terms for electrochemical current conversion, 
using, e.g., the Butler-Volmer equation or first principles of transition state theory, 
and for the transformation of water at interfaces (vaporization, condensation), and 
terms that account for the transport of species, i.e., the migration of 
electrons/protons in conduction media, diffusion of dissolved oxygen and protons 
in water-filled pores, and diffusion of oxygen and vapor in the gas-filled phase. 

The two-step strategy in physical modeling of catalyst layer operation is 
depicted in Figure 8.1 In the first step, it relates structure to physical properties of 
the layer considered as an effective medium. In the second step it relates these 
effective properties to performance. The overall relations between structure and 
performance can be complicated by the formation of liquid water, which affects 
effective properties and performance. Solution of such a model provides full 
relations between structure, properties, and performance, which in turn allow 
predicting architectures of materials and operating conditions that optimize fuel 
cell operation. 
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8.4 Structure Formation of Catalyst Layers and Effective 
Properties 

In this section, we discuss theoretical and computational studies that provide 
insights into structural correlations and dynamical behavior of species in CLs. 
Structural complexity is an inherent trait of CLs. Advanced fabrication aims to 
improve Pt utilization by enhancing the interfacial area of Pt with water in pores 
and with Nafion ionomer [12, 94-95]. A practical way to achieve this is by mixing 
ionomer with dispersed Pt/C catalysts in the ink suspension prior to deposition to 
form a CL. The solubility of the ionomer depends upon the choice of a dispersion 
medium. This influences the microstructure and pore size distribution of the CL 
[95]. Self-organization of ionomer and carbon/Pt in the colloidal ink leads to the 
formation of phase-segregated agglomerated morphologies. 

Independent computational strategies are generally needed in order to simulate 
the structure-related properties of CLs at different length- and time-scales. For 
instance, the structure of the ionomer-phase in CLs cannot be straightforwardly 
inferred from that in membrane simulations, as there are distinct forces and 
correlations between Nafion, water, and carbon/Pt particles in CLs. 

This section presents a review of atomistic simulations and of a recently 
introduced meso-scale computational method to evaluate key factors affecting the 
morphology of CLs. Most of the effort in molecular dynamics simulations for 
PEFCs has concentrated on dynamic motion of proton and water through the 
hydrated membrane [96-104]. Little attempt has been made to employ MD 
techniques for elucidating the structure and transport of CLs, particularly in three- 
phase systems of carbon/Pt, ionomer, and gas phase. In the following subsections, 
we discuss various MD simulations to study the transport and dynamic behavior of 
CLs in terms of water and proton diffusivity, Pt-supported electrocatalyst, and 
microstructure formation. 

8.4.1 Molecular Dynamics Simulations 

In classical molecular dynamics (MD) simulations, the system is treated as a set 
of A interacting particles [105]. The atoms are presented by spherical nuclei that 
attract and repel each other. Their electronic structure is not considered explicitly. 
After assigning point charges to each particle, the forces acting on the particles are 
derived from a combination of bonding, non-bonding, and electrostatic potentials. 
The motions of the atoms are calculated using the laws of classical mechanics. 
Before starting a simulation, a model system is built consisting of all chemical 
components in a simulation box. Just like any real experiment, this system needs to 
be carefully prepared. It should be a realistic representation of the system that is to 
be studied. The result of a molecular dynamics simulation is a trajectory in time of 
positions and velocities of all N particles in the system. If simulated with an 
appropriate time step and for a sufficiently long time, thermodynamic properties, 
spatial and temporal correlation functions, and transport properties can be reliably 
calculated. The meaningful time of trajectory needed depends on the length-scale 
of the system under study and the time-scale needed for calculation of physical 
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parameters. Nowadays, computationally feasible time trajectories in atomistic MD 
simulations extend from a few nanoseconds (ns) up to hundreds of nanoseconds. 

The time trajectory of an MD system is obtained from solving a system of 
second order differential equations that follow from Newton’s second law, 



ZPu+If. 


f = 1 ...TV 


( 8 . 12 ) 


Here i denotes the considered particle, with m and r the mass and the position 
vector of this particle, respectively. The forces represent two-body interactions 

between atom i and atom j . Forces F k due to the action of external fields, e.g., 
electric fields, are added as extra terms. After determining these forces as functions 
of atomic and molecular degrees of freedom, the equations of motion can be 
integrated. The combination of forces in the model, including van der Waals 
interactions and electrostatic interactions, is called the force field. The choice of 
the force field is the key to accurate results that appropriately reproduce the true 
physical phenomena in the system. The forces acting on the nuclei are derived 
from the gradients of the potential energy function, 

F t =-V r V (8.13) 


The force fields can be split up into two contributions due to non-bonded 
interactions between all nuclei and bonded interactions between nuclei that are part 
of the same molecule. The non-bonded interactions consist of the following terms: 
electrostatic interactions, van der Waals interactions, and polarization effects. 
Polarization effects are the result of varying electron densities; they cannot be 
described explicitly using force field methods, which invariably ignore electron 
dynamics. It is common practice to include them implicitly in the van der Waals 
interactions. This leaves two terms for the non-bonded interactions. The first term 
corresponds to Coulomb interactions 


if 


4 ^o r ij 


(8.14) 


between two charged spheres at a distance r from each other. In this equation q. 
represents the charge of particle i and e is the dielectric permittivity of vacuum. 

Particles can be assigned partial charges or integer values in the case of ions. The 
second type of non-bonded interactions corresponds to dispersion or van der Waals 
forces. These are the interactions between atoms that arise from (quantum) 
fluctuations of the electronic charge densities. Both these interactions are 
represented in a second term for non-bonded interactions, for which the use of the 
Lennard-Jones potential has become a standard procedure in MD simulations. 
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(8.15) 


In the equation above e represents the depth of the potential at the minimum (r = 
2 1/6 o) and a is the point at which V = 0. 

For atoms that are part of molecules the bonded interactions also have to be 
calculated. These interactions can be one of the following: bond stretching (2- 
body), bond angle (3-body), and dihedral angle (4-body) interactions. The first two 
interactions can be described using a harmonic potential. The same mechanism can 
also be used to describe the motion of a vibrating spring or a pendulum. The 
dihedral interaction cannot be described using a harmonic potential; rather, a 
periodic function is used because of the rotational symmetry. Together with the 
bonded interactions, the dihedrals confer flexibility to the molecular structure. 
They play an important role in simulations of hydrated Nafion ionomer [99-107]. 

8.4.2 Atomistic MD Simulations of CL 

The Pt/Carbon composite of a typical CL is fabricated by a “colloidal crystal 
templating technique” [106]. Besides carbon black (Vulcan or Ketjen black by 
Tanaka), synthetic porous carbon particles have recently been used to improve 
surface area and electrochemical activities. In a standard fabrication process, 
platinum particles are deposited by reducing H 2 PtCl 6 agents on the carbon surface 
[107]. Carbon particles are dispersed in a tetrahydrofuran solution of H 2 PtCl 6 by an 
ultrasonic treatment, while formic acid is added as the reducing agent. Filtering the 
solution collects the dispersed Pt/carbon particles. 

In MD simulations, the molecular adsoiption concept is used to interpret the Pt- 
C interactions during the fabrication processes. The Pt complexes are mostly 
attached to the hydrophilic sites on carbon particles, viz. carbonyl or hydroxyl 
groups [108]. The adsoiption is based on both physical and chemical adsoiption. 
Carbon particle preparations, impregnation, and reduction are three main steps of 
the catalyst preparation. The point of zero charge (PZC) determines the pFl range at 
which the impregnation step should be carried out. The PZC is an important 
parameter in catalyst preparation. 

Several studies have focused on extensive MD simulations of Pt nanoparticles 
adsorbed on carbon in the presence or absence of ionomers [109-113]. Lamas and 
Balbuena performed classical molecular dynamics simulations on a simple model 
for the interface between graphite-supported Pt nanoparticles and hydrated Nafion 
[113]. In MD studies of CLs, the equilibrium shape and structure of Pt clusters are 
usually simulated using the embedded atom method (EAM). Semi-empirical 
potentials such as the many-body Sutton-Chen potential (SC) [114] are popular 
choices for the close-packed metal clusters. Such potential models include the 
effect of the local electron density to account for many-body terms. The SC 
potential for Pt-Pt and Pt-C interactions provides a reasonable description of the 
properties of small Pt clusters. The potential energy in the SC potential is 
expressed by 
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where for Pt-Pt interaction s pp = 0.019833eC, a pp = 3.92 A, n = 10, m = 8, and c 

= 34.408. The first term is a pair-wise repulsive potential and the second one 
represents the metallic bonding energy associated with the local electron density. 
The weak interaction between a Pt cluster and a graphite substrate is defined by 6- 
12 LJ interactions with £ Pt _ c = 0.022eV and <J Pt _ c = 2.905 A in Equation 8.15. In 
order to obtain reasonable results, the size of Pt clusters should be sufficiently 
large. The LJ parameters for Pt-Pt interactions are obtained by fitting the LJ 
equation to the SC potential with the values of e Pt _ Pt = 2336 K and 
= 2.41 A. These simulations based on adapted LJ interactions from the SC 
potential allow one to account for platinum cluster-cluster interactions as well. 
Nafion is represented by oligomer models interacting through the Dreiding force 
field [97, 115], which is represented by a series of bonded, angular, dihedral, and 
non-bonded (LJ and electrostatic) interactions. A two-site model and Single-Point- 
Charge (SPC) models are used for oxygen and water, respectively [116]. Figure 8.3 
shows a simulation set-up used in [112], which contains three Pt 25 6 clusters (each 
of ~1.6 nm in diameter) deposited over a position-restrained graphite substrate, 
modeled by an AB arrangement of two graphite sheets. Molecular dynamics 
simulations have been used to examine the properties of Pt nanoparticles supported 
by graphite [116, 117]. Diffusion of platinum nanoparticles on graphite has been 
investigated, and high diffusion coefficients, on the order of 1CT 5 cm 2 /s, have been 
predicted [117]. 



Figure 8.3. Side view of the MD simulation system used in [112] at the maximum Nafion 
content. The graphite layer is represented by the two parallel planes shown at bottom. 
(Reprinted from Electrochimica Acta, 51.26, Lamas EJ, Balbuena PB. Molecular dynamics 
studies of a model polymer-catalyst-carbon interface, 5904-11, ©2006, with permission 
from Elsevier.) 
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Figure 8.4. (a) Initial configuration of a small Pt nanocluster deposited on a static graphite 
substrate in the presence of Natron backbones, sidechains, water, and hydronium ions, (b) 
Pt-Pt radial distribution function for one-cluster systems compared to that of a two-cluster 
simulation set-up. (Reprinted from Cheng CH, Malek K, Djilali N. Investigation of Pt 
cluster size effects on the nano-scale structure of PEMFC catalyst layers, internal report, 
2007, NRC-IFCI). 


More importantly, the MD results show that it is possible to alter the 
morphology and mobility of metal nanoparticles by changing their support. When 
deposited on carbon nanotubes, platinum particles diffuse at a slower rate than on 
graphite, which decreases sintering and should lead to increased long-term 
performance in catalytic applications [117]. Figure 8.4(a) shows a simulation set up 
in which the two graphite sheets are parallel to each other and are perpendicular to 
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the z-axis. Normal periodic boundary conditions are maintained in the x and y 
directions. This simulation system consists of multiple Pt clusters on the model 
graphite surface, Nafion, water, and hydronium ions. Several simulations were 
carried out to test the relative stability of various cluster morphologies for different 
sizes. Figure 8.4(b) shows the radial distribution function (RDF) of Pt atoms for 
using one and two Pt clusters on a graphite surface. In these simulations, Pt-Pt 
interactions are represented by the SC potential. Although the RDFs share the same 
qualitative behavior, the three peaks corresponding to the different layers of Pt 
clusters are much more enhanced in the one-cluster system due to the particular 
packing in this case. 

The MD simulations in [113] and [114] showed how the dynamic properties of 
water in the vicinity of the catalyst surface change as a function of Nafion contents. 
Observed water structures ranged from the ones similar to those in the bulk 
membrane region to somewhat disconnected set of clusters. Water dynamics varies 
according to the contribution from different mechanisms as a function of the water 
content (or Nafion content). One diffusional mechanism emerges at low water 
contents and is due to strong electrostatic interactions between water molecules 
and polar head groups at sidechains. The other mechanism corresponds to 
hydraulic flux of bulk-like water relative to the porous membrane matrix, which is 
observed at high water contents, when the MEA is flooded. 

8.4.3 Meso-scale Model of CL Microstructure Formation 

Despite recent progress in developing multiscale modeling approaches [117], 
enormous challenges remain in bridging between atomistic simulations of realistic 
structures and continuum models that describe the operation of functional materials 
for PEFC applications. While full multiscale methods will not be available in the 
near future, meso-scale simulation techniques can close the gap between atomistic 
simulations and macroscopic properties of the system. Such simulations provide 
vital insight into self-organization phenomena and adhesion properties that have to 
be considered in the fabrication and operation of CL materials for PEFCs [118]. 

To improve the structure-dynamics relationships of CLs, the effects of 
applicable solvents, particle sizes of primary carbon powders, wetting properties of 
carbon materials, and composition of the catalyst layer ink should be explored. 
These factors determine the complex interactions between Pt/carbon particles, 
ionomer molecules, and solvent molecules and, therefore, control the catalyst layer 
formation process. Mixing the ionomer with dispersed Pt/C catalysts in the ink 
suspension prior to deposition will increase the interfacial area between ionomer 
and Pt/C nanoparticles. The choice of a dispersion medium determines whether 
ionomer is to be found in the solubilized, colloidal, or precipitated forms. 

A significant number of meso-scale computational approaches have been 
employed to understand the phase-segregated morphology and transport properties 
of water-swollen Nafion membranes. Coarse-grained molecular simulation (CG- 
MS) techniques can describe the system at the micro-to-meso level, while still 
being able to capture the morphology at long time and length scales [119-123]. 
Because of computational limitations, full atomistic models are not able to probe 
the random morphology of these systems. As demonstrated by these simulations 
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and applications to other random composite media, meso-scale models are 
computationally feasible to capture their morphology. Several approaches have 
been used, such as cellular automata and coarse-grained meso-dynamics based on 
self-consistent mean field theory [120, 121]. 

For mesoscale simulations of catalyst layer formation, we consider three main 
types of spherical beads: polar, nonpolar, and charged beads [124]. Clusters 
including a total of four water molecules or three water molecules plus a 
hydronium ion are represented by polar beads of radius 0.43 nm. The configuration 
of an unfolded Nafion chain is shown in Figure 8.5. A sidechain unit in Nafion 
ionomer has a molecular volume of 0.306 nm 3 , which is comparable to the 
molecular volume of a four-monomeric unit of polytetrafluoroethylene (PTFE) 
(0.325 nm 3 ) [120]. Therefore, each four monomeric unit (-[-CF2-CF2-CF2-CF2- 
CF2-CF2-CF2-CF2-]-) (represented by an apolar bead) and each sidechain 
(represented by a charged bead) are coarse-grained as beads of volume 0.315 nm 3 
(r = 0.43 nm). The hydrophobic Nafion backbone is replaced by a coarse-grained 
chain of apolar beads, as illustrated in Figure 8.5. 





Figure 8.5. (a) Sketch of the coarse-grained model of Nafion used in simulations of self¬ 
organization phenomena in catalyst layers of PEFCs. Nafion polymer is represented by 20- 
unit oligomers of length ~30 nm.The spheres show the coarse-grained beads corresponding 
to the hydrophobic backbone (black) or hydrophilic sidechains (gray) [7]. (Reprinted with 
permission from J Phys Chem C, 2007, 111, 13627-34. Copyright 2007 American Chemical 
Society.) 

Carbonaceous particles can be coarse-grained in various ways, building upon a 
new technique called multi-scale coarse graining (MS-CG) [125-127]. In this 
method, the CG potential parameters are systematically obtained from atomistic- 
level interactions [127]. Using this technique, a model was built for semispherical 
carbon particles based on CG nonpolar sites in the C60 system. 

The interactions between non-bonded beads are modeled by the Lennard-Jones 
(LJ) potential. In this potential, the effective bead diameter is r = 0.43 nm for 

sidechain, backbone, and water beads. The strength of interactions is limited to five 
possible values ranging from weak (1.8 kJ mol" 1 ) to strong (5 kJ mol' 1 ) [125]. The 
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electrostatic interactions between charged beads are described by the Coulombic 
interaction with relative dielectric constant e r . The effect of solvent is incorporated 
by changing e r as well as by varying the degree of dissociation of Nafion 
sidechains. Interactions between chemically bonded beads (in Nafion chains, for 
example) are modeled by harmonic potentials for bond length and bond angle, 
where the force constants are K bond = 1250 kJ mol 'nm" 2 and Kangie = 25 kJ mol" 1 , 
respectively. The size of the simulation box can vary from 50x50x50 nm 3 to 
500x500x500 nm 3 . 

Snapshots of the final microstructure were analyzed in terms of density map 
profiles, radial distribution functions (RDFs), pore size distributions, and pore 
shapes. Figure 8.6 shows a snapshot of the carbon-Nafion-water-solvent (CNWS) 
blend. The interaction parameters of the carbon particles are selected to mimic the 
properties of Vulcan-type C/Pt particles. They are hydrophobic, with a repulsive 
interaction with water and Nafion sidechains, and semi-attractive interactions with 
other carbon particles as well as with Nafion backbones. 



(a) (b) 


Figure 8.6. Filial equilibrium structure of a catalyst blend composed of carbon, Nafion, 
water, hydronium ions, and implicit solvent. Carbon particles are in black; hydrophilic 
domains (water, hydronium ions, and sidechains) are shown in dark grey; hydrophobic 
polymer domains (backbone aggregates) are in light grey, (b) Magnification of part of the 
blend in (a) [7]. (Figure 8.6(a) reprinted with permission from J Phys Chem C, 2007, 111, 
13627-34. Copyright 2007 American Chemical Society.) 

Structural analysis based on site-site RDFs is shown in Figure 8.7. The RDFs 
reveal general features of phase segregation, shown in microstructure formation in 
Figure 8.6. There is a strong correlation between carbon particles. As expected, 
hydrated protons (H) and water (W) behave similarly. The correlation between 
hydrophilic species (H and W) and ionomer (N) is significantly stronger than that 
between those species and carbon (C). The autocorrelation functions g ss and g H u 
exhibit a similar structure as g ww . This indicates a strong clustering of sidechains 
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and hydronium ions due to the aggregation and folding of polymer backbones. The 
primary S-S and H-H peaks are, however, suppressed compared to the primary 
peak in gww due to electrostatic repulsion between these charged beads. g BB and 
g cc exhibit upturns towards smaller r, superimposed on the primary bead-bead 
correlations, which correspond to the characteristic dimensions of carbon particles 
(~5 nm diameter) and backbone clusters (~2-3 nm). 



r (nm) r (nm) r (nm) 


Figure 8.7. Selected structural correlation functions (or site-site radial distribution 
functions) between distinct components of self-organized CL inks (C: carbon particles, B: 
ionomer backbones, S: ionomer sidechains, W: water molecules, H: hydronium ions) [7]. 
(Reprinted with pennission from J Phys Chem C, 2007, 111, 13627-34. Copyright 2007 
American Chemical Society.) 

Overall, the correlation functions discussed above provide valuable structural 
information at the nanometer scale that allows refining the picture of the phase- 
segregated catalyst layer morphology. Analysis of RDFs reveals a strong 
correlation between carbon particles and polymer backbones (gc B ) [7]. The 
correlation between hydrophilic species and ionomer is significantly stronger than 
that between those species and carbon particles. Ionomer backbones form clusters 
or fibers that are attached to the surface of carbon particles. Sidechains are buried 
inside of hydrophilic domains with a weak contact to carbon domains. Water and 
hydronium ions tend to maximize their separation from the carbon while trying to 
stay in the vicinity of the sidechains. Structural conformations demonstrate that 
sidechains, hydronium ions, and water molecules form interconnected clusters 
inside of ionomer domains. A key finding is that ionomer molecules do not 
penetrate into the carbon agglomerates. Sidechain A layer of ionomer of ~10 nm 
thickness with well-packed morphology around Pt/C clusters was evident in the 
presence of polar solvents. Notice that the compactness of carbon agglomerates is 
affected by the polarity of solvent. 

The effect of the solvent dielectric constant on structural correlations was also 
examined in [7]. These simulations showed that polar solvents (e r = 20, 80) behave 
similarly, while the effect of the apolar solvent (e r = 2) is markedly different. Low 
8 r implies stronger correlations between C and hydrophobic polymer backbones, 
exhibiting a stronger tendency to phase-segregate into hydrophobic and 
hydrophilic domains. The magnitude of short-range interactions and the carbon 
agglomerate size steadily decreases by increasing e r . Therefore, the carbon 
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agglomerates become more separated as the pore size between agglomerates 
increases. The peak positions for long-distance correlations are shifted to large 
distances for the apolar solvent. A low dielectric solvent causes the formation of a 
separate clustered phase of carbon particles confined between thick fibrous 
aggregates of ionomer. In the presence of apolar solvent, the structural 
organization into separate hydrophilic and hydrophobic domains spans higher 
distances compared to polar solvents. 

This coarse-grained molecular dynamics model helped consolidate the main 
features of microstructure formation in CLs of PEFCs. These showed that the final 
microstructure depends on carbon particle choices and ionomer-carbon 
interactions. While ionomer sidechains are buried inside hydrophilic domains with 
a weak contact to carbon domains, the ionomer backbones are attached to the 
surface of carbon agglomerates. The evolving structural characteristics of the 
catalyst layers (CL) are particularly important for further analysis of transport of 
protons, electrons, reactant molecules (O 2 ) and water as well as the distribution of 
electrocatalytic activity at Pt/water interfaces. In principle, such meso-scale 
simulation studies allow relating of these properties to the selection of solvent, 
carbon (particle sizes and wettability), catalyst loading, and level of membrane 
hydration in the catalyst layer. There is still a lack of explicit experimental data 
with which these results could be compared. Versatile experimental techniques 
have to be employed to study particle-particle interactions, structural 
characteristics of phases and interfaces, and phase correlations of carbon, ionomer, 
and water in pores. 

8.4.4 Structure-related Effective Properties of CL 

The theory of random heterogeneous materials provides information to explore the 
relations between microstructure and the required effective properties of transport 
and reaction in CLs [128]. Continuum models, to some extent, can account for the 
effects of porosity. However, more realistic network models of random 
heterogeneous media are generally preferred. The pore space morphology affects 
the gaseous transport to the active Pt sites. Hence, together with the effect of 
network topology, and in particular pore interconnectivity, the effect of pore 
heterogeneity (e.g., roughness in nanoscale pores) should be accounted for as well. 
Parameterizations of effective transport properties such as diffusion coefficients of 
gases, proton conductivity, and liquid permeability are described based on 
percolation in the interpenetrating networks of electron-conducting, proton¬ 
conducting, and porous phases. 

For materials with random morphologies, the effect of microscopic 
composition, i.e., of size, shape, and random distribution of phase domains and of 
their connectedness, on its macroscopic properties is the topic addressed by 
percolation theory [129, 130]. Here, we briefly describe the basic concepts of this 
theory and outline their application to determine the morphology and effective 
properties of random composite materials. We refer the interested reader to 
Stauffer and Aharony [46] and Sahimi [129] for detailed discussion of percolation 
theory and its applications. 
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Percolation phenomena deal with the effect of clustering and connectivity of 
microscopic elements in a disordered medium [129]. Percolation theory represents 
a random composite material as a network or lattice structure of two or more 
distinct types of microscopic elements or phase domains, the so-called percolation 
sites. These elements represent mutually exclusive physical properties, e.g., 
electrically conducting vs. isolating phase domains, pore space vs. solid matrix, 
atoms with spin up vs. spin down states. Here, we will refer to “black” and “white” 
elements for definiteness. The network onto which “black” and “white” elements 
of the composite medium are distributed could be continuous (continuum 
percolation) or discrete (discrete or lattice percolation); it could be a disordered or 
regular network. With a probability p a randomly chosen percolation site will be 

occupied by a “white” element. With the complementary probability (l - p) the 
element occupying the site will be “black”, see Figure 8.8. 



Figure 8.8. (a) Formation of a sample-spanning bond-percolation cluster on a square lattice 
at the percolation threshold (p = 0.6). (b) Cluster of conductive zones in a conductor- 
insulator mixture formed above the percolation threshold [46, 155], (Image (a) reprinted 
with pennission from Stauffer D, Aharony A. Introduction to percolation theory, London: 
Taylor & Francis, 1994; (b) reproduced from Chem Phys Lett, 375(5-6), Malek K. Dynamic 
Monte-Carlo simulation of electrochemical switching of a conducting polymer film, 235-44, 
2002, with permission from Elsevier.) 


Percolation theory deals with the size and distribution of connected “black” and 
“white” domains and the effects on macroscopic observable properties, e.g., 
electric conductivity of a random composite or diffusion coefficient of a porous 
rock. A percolation cluster is defined by a set of connected sites of one color (e.g., 
“white”) surrounded by sites of the complementary color (i.e., “black”). If p is 
sufficiently small, the size of any connected cluster is likely to be small compared 
to the size of the sample. There will be no continuously connected path between 
the opposite faces of the sample. On the other hand, the network should be entirely 
connected if p is close to 1. Therefore at some well-defined intermediate value, 

the so called “percolation threshold ’', p c there is a transition in the topological 
structure of the percolation network from disconnected to macroscopically 
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connected. In an infinite lattice the site percolation threshold is the smallest 
occupation probability p of sites, at which an infinite cluster of sites (vertices) 

emerges. 

In the metal/isolator composite, p c is the threshold above which the composite 
will be conducting. In the vicinity of the percolation threshold, for p> p c , the 
effective conductivity of the composite is determined by a critical law 

g,{p) cc (p-P^Y ®{P~Pc) (8-17) 

where ®(x) is the Heaviside step function. 

The behavior of the effective diffiisivity D e ( p ) near p c is given by 


( 8 - 18 ) 

P(P) 

where P[p)~ (p- p c y is the percolation probability. A diffusing species can 

move on all macroscopically connected clusters of the conductive phase. Above 
p c , however, only the largest cluster, the so-called “ sample-spanning cluster”, 

significantly contributes to transport. Other physical properties like correlation 
lengths and percolation probabilities follow similar potential laws in the vicinity of 
p c , however with different critical exponents. Values of the critical exponent // in 
Equation 8.17 in 2D and 3D are known from computer simulations [45]. In 2D it is 
pa 1.3 and in 3D it is pa 2.0. While critical exponents are universal, i.e., they 
are independent of the topology of the network and only depend on the 
dimensionality, values of percolation thresholds depend strongly on the lattice 
topology and the type of the percolation problem considered. For lattice 
percolation, two types of problems are distinguished. For the hitherto described site 
percolation problems, clusters are formed by “white” or “black” sites of the lattice. 
For bond percolation, the same statistical concept is applied to the connections or 
bonds between lattice sites: with probability p a randomly chosen bond will be 
occupied by a “white” element and otherwise, i.e., with the complementary 
probability (1 - p) , the bond will remain “black”. 

Percolation thresholds for several lattice types are listed in Table 8.1. In ID it is 
trivially, p c =1 . In 2D, values for p c are known exactly for specific lattice types. 
In 3D values of p c can only be found with the help of computer simulations. 
Percolation theory has been successfully applied to such diverse phenomena as 
hopping conductivity in semiconductors [130], gelation in polymer melts [131], 
permeability of porous rocks [129, 130], spreading of epidemics [132], and 
spreading of wildfires [133]. In PEFC research, percolation theory has been 
employed for establishing relations between water uptake of polymer electrolyte 
membranes and their proton conductivities [98], Moreover, percolation concepts 
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play an important role in theoretical efforts to unravel structure vs. function 
relations of porous composite catalyst layers [47-48, 50]. 


Table 8.1. Critical fraction of lattice points (percolation threshold) that must be filled to 
create a continuously connected path of nearest neighbours from one side to another. Values 
are taken from Stauffer and Aharony [46], 


Dim. 

Lattice type 

Site percolation 

Bond percolation 

2 

square 

a 0.59 

0.5 (exact) 

2 

triangular lattice 

0.5 (exact) 

2 sin(7t/18) (exact) 

2 

honeycomb lattice 

a 0.7 

1-2 sin(7t/18) (exact) 

3 

simple cubic 

a 0.31 

a 0.25 

3 

bcc 

a 0.25 

a 0.18 

3 

fee 

a 0.20 

a 0.12 

3 

diamond 

a 0.43 

a 0.39 


Continuum percolation theory can be used to describe the effective properties 
of CLs, expressed through the volume fractions of components. For instance, the 
proton conductivity is given by 

v* = o~„ ( ^ e ‘ ~5°2 2 ( 8 -!9) 


where <r 0 is the bulk electrolyte conductivity and X c is the percolation threshold 
in the random network of secondary pores. Previous parameterization gave 
reasonable results with percolation threshold X c « (). 12 [46]. Other effective 
properties of CLs depend decisively on the water distribution in the pore space. 
Transport of oxygen (superscript “o”) and vapor (superscript “v”) is given by 
Knudsen diffusivity with percolation-type dependence, with the same percolation 
threshold X c 
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with IX;' =J -—— r crit , where r cnl is a critical pore radius (bottleneck pores), 

I nM°'' 3 

e.g., obtained from critical path analysis [134] and M 0,v is the molar mass of the 
diffusing gas molecules [47-48, 50], It is assumed that gas diffusion occurs only 
through air-filled pores. The main mechanism of diffusion contributing to 
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D°- V (5 r ) in Equation 8.20 is due to percolation in gas pores. Above a critical 

liquid water saturation S cnt = 1 -X c jX p , only a residual diffusion due to transport 

of dissolved species remains finite, accounted for by £> res . 

The relation between liquid permeability and porous structure is given by 
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This expression entails three different contributions due to water-filled pores in the 
ionomer (radius r el , corresponding water volume portion s d ), micropores (radius 

r ) and mesopores (radius r M ). S is a constrictivity factor and r is a tortuosity 
factor [135]. 

Such relations show how the random composite morphology can steer effective 
transport properties of CLs on the basis of percolation theory. Notice that the 
bimodality of the pore network in a CL (primary and secondary pores) plays a key 
role in balancing different catalyst layer functions. A large porosity due to primaiy 
pores is beneficial for the exchange current density, since it guarantees that a large 
fraction of catalyst sites inside agglomerates could be reached by protons. 
Moreover, increasing the fraction of primary pores could results in a larger 
liquid/vapor interfacial area and thus, higher rates of evaporation, as we will see 
below. Secondary pores on the other hand largely contribute to the gas diffusivity 
in the layer. 

It is infeasible, if not impossible, to make exact predictions for the effective 
properties of composite materials with the simple models of morphology presented 
above. Both continuum and discrete models have been applied to provide the 
effective properties of random heterogeneous materials. As described above, 
continuum models represent the classical approach to describing and analyzing 
transport processes in materials of complex and irregular morphology. Thus, the 
effective properties of materials are defined as averages of the corresponding 
microscopic quantities. The shortcoming of discrete models such as random 
network models, Bethe lattice models, etc. compared to continuum modes is the 
demand for large computational effort to represent a realistic model to describe the 
material and simulate its effective properties. It is of course a challenging problem 
to generate a realization of a heterogeneous material for which limited 
microstructure information is available. 
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8.5 Performance Modeling and Optimization Studies 

8.5.1 General Framework of Performance Modeling 

A fuel cell electrode can be seen as a highly dispersed interface between Pt 
nanoparticles and electrolyte (ionomer or water). Random composition, phase- 
segregated morphology, pore size distribution, and wetting properties of pores 
determine the complex spatial distributions of (i) potentials, (ii) concentrations of 
reactants and water, and (iii) local rates of electrocatalytic processes that evolve 
under operation. A subtle electrode theory has to establish the links between these 
distributions in order to determine catalyst utilization, voltage efficiency (or power 
density), and water handling capability. 

Our presentation in this section focuses on steady-state phenomena during 
catalyst operation. In the main part, we discuss ID modeling approaches of species 
transport and reaction in the through-plane direction under isothermal conditions. 
The phase-segregated, agglomerated structure that is formed via self-organization 
during MEA fabrication is assumed to be fixed. This treatment ignores degradation 
phenomena. Moreover, fluxes and conversion rates of species are constant. 

For the puipose of physical modeling of catalyst layer operation, it is expedient 
to consider the layer essentially as a two-scale system (cf. Figure 8.2). At the 
mesoscopic scale, operation is determined by the properties of agglomerates of 
carbon and Pt, which are partially coated by a film of ionomer. Primary pores in 
agglomerates should be maximally wetted in order to provide a large active Pt 
surface area. At the macroscopic scale, gaseous diffusion of oxygen is vital in 
order to ensure uniform utilization of catalyst throughout the complete layer. This 
requires a percolating network of gas-filled secondary pores between agglomerates. 
These pores should be hydrophobic. The volume fractions of primary and 
secondary pores are X and X M , respectively, with X p = X + X M . 

Agglomeration and bimodal PSDs are vital in view of the conflicting structural 
requirements for transport and reaction. Structural control during fabrication 
should thus focus not only on composition but also on effects of agglomeration, 
porous morphology, and wetting properties of pores. 

The steps involved in modeling performance and water balance in CCLs are 
indicated in Figure 8.2 [50, 51]. At the materials level, it requires constitutive 
relations between random composition, dual porous morphology, liquid water 
accumulation, and effective physico-chemical properties, including proton 
conductivity, gas diffusivities, liquid permeabilities, electrochemical source term, 
and vaporization source term. The set of relationships between structure and 
physico-chemical properties has been discussed in [3, 47, 50-51]. Since the liquid 
water saturation S (z) is a spatially varying function at j 0 > 0 . these physico¬ 
chemical properties become spatially varying functions in an operating cell. This 
demands a self-consistent solution for non-linearly coupled properties and 
performance. 

Accounting for the peculiar role of water in physical models of CCL operation 
requires knowledge of the following two aspects in theory and experiment. 
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Local equilibrium of water in CCLs. How does the local water content in CCLs 
depend on materials morphology and operating conditions? By which mechanisms 
does it attain local equilibrium? The approach pursued in [50, 51] proposes that 
capillary forces at the liquid-gas interfaces in pores equilibrate the local water 
content in CCLs. This approach neglects surface film formation or droplet 
formation in pores of CLs. Ex situ diagnostics, probing porous structures and water 
sorption characteristics, are needed to relate equilibrated water distributions to 
structure and conditions in CCLs. 

Processes involving water transport and transformation. What are the relevant 
mechanisms and transport coefficients of water fluxes (diffusion, convection, 
hydraulic permeation, electroosmotic drag)? What are relevant mechanisms and 
rates of phase changes (between liquid water, water vapor, surface water, water in 
membrane)? These mechanisms and relevant parameters are amenable to 
evaluation by ex situ diagnostics. The statistical theory of random composite media 
[136-138] and percolation theory [44-46] provides various tools for assessing 
effective parameters of transport and interfacial processes, as discussed in Section 
8.4. 

On the cathode side of a PEFC under normal operating conditions, one is 
concerned about excessive amounts of liquid water and flooding of gaseous supply 
channels due to a net electroosmotic flux through the PEM and the production of 
water. Under these conditions, it is reasonable to assume full hydration of the 
ionomer phase in the CCL. Proton conductivity of the layer is, thus, considered 
constant. Due to the assumption of capillary equilibrium in pores, pore-filling is 
controlled by the Young-Laplace equation, which relates capillary pressure, p c , 
and capillary radius, r c , to local gas pressure, p” , and liquid pressure, p ', 


P 
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2crcos($) , 

- ^- L = P e -P 


( 8 . 22 ) 


where a is the surface tension of water and 0 is the wetting angle in pores. The 
wetting angle is a complex structural function that is difficult to measure and 
control in experiment and fabrication. We assume that small primary pores inside 
agglomerates are hydrophilic and consider operating regimes ( p s , p '), for which 
these pores are filled completely with water. The relevant value of 0 to be used in 
calculations is, thus, the wetting angle for secondary pores, in which the front of 
liquid water advances under normal operating conditions. Wettability of secondary 
pores is, therefore, vital for controlling the water formation in CCLs. Assuming 
that these pores are hydrophilic, the liquid water saturation is given by an integral 
expression containing the differential pore size distribution dX p (r 'jfdr 
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(8.23) 
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Pores with radius r' <r c are filled with liquid water and pores with r' > r c are 
filled with gas. In an operating fuel cell, S r depends, therefore, on details of the 
PSD, wetting angles, and local pressures (p % , p ). These local conditions are 
coupled to stationary fluxes of species and rates of current generation and net 
evaporation via the set of flux and conservation equations that we will present 
below [50]. 


Bimodal log - normal pore size distribution 
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Figure 8.9. Bimodal pore size distributions with varying portions of primary and secondary 
pores, obtained with Equation 8.24. Shaded areas represent the liquid water saturation at 
given operating conditions [50], (Reproduced by permission of ECS - The Electrochemical 
Society, from Eikerling M. Water management in cathode catalyst layers of PEM fuel cells.) 
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The present structure-based model employs a bimodal log-normal pore size 
distribution (PSD), defined as 
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Here, r •, r M determine the positions of the two peaks and s , s M their widths. 
The parameter j M controls the relative contributions of primary and secondary 
pores. The distribution in Equation 8.24 is normalized to the total porosity X v . 
Porosities due to primary and secondary pores are given by 


X.. 



dr' 


andX M 
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(8.25) 


where r cut (r < r cut < r M ) separates the two domains. 

A PSD of the form given in Equation 8.24 can capture the main characteristics 
of the random phase-segregated, agglomerated morphology. Experimental data 
[139-141] have also suggested such log-normal pore size distributions in the 
mesoporous region. Typical pore size distributions obtained with this 
parameterization are depicted in Figure 8.9. 

8.5.2 Transport and Reaction in Catalyst Layers 

The main fluxes in catalyst layers and boundary conditions are illustrated in Figure 
8.10. Processes inside the layer are related by mass conservation laws for involved 
species, expressed in the form of continuity equations. The general form of the 
continuity equation is 

d ^l + V-](r,t) = Q(r,t) (8.26) 


where p(f,t ) is the density field of the considered species, Q(r,t) is a 
source/sink density, and j(f,t ) is a flux density. For steady state operation, we 
have dp(f,t^/dt = 0 . 
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Coupled Fluxes 
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Figure 8.10. Illustration of the coupled fluxes of species in operational CCLs [50], 
(Reproduced by permission of ECS - The Electrochemical Society, from Eikerling M. 
Water management in cathode catalyst layers of PEM fuel cells.) 


Continuity equations including all species and processes are discussed in [50]. 
A number of simplifications lead to the following set of equations 
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where f =-, B n = --. Equation 8.32 includes terms accounting for water 

' RT V t J 

transport due to electroosmotic drag with drag coefficient n. The solution of 
Equations 8.27 to 8.33 provides the local partial pressure of oxygen, P Q ( z ), and 

water vapor, q(z) , the liquid water pressure, p' (z) , the local electrode potential, 

// ( z ), as well as the flux densities of protons, j (z) , liquid water, /' (z), and 

water vapor, y' v (z). 

The electrochemical source term, Q cc (z) , accounts for the effectiveness factor 

of Pt utilization due to random composition and processes in agglomerates. The 
value of this term is obtained by averaging the current generated inside 
agglomerates over the volume of a representative elementary volume element 
(REV). It is here that the macrohomogeneous model is linked with the agglomerate 
model, 


: { = ) f( X PtC^el) _(,) 3 (^C + ^) 
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(8.34) 


where r is the radial coordinate inside agglomerates. The volumetric Faradaic 
current density, i z f (r), is determined by the concentrations of dissolved oxygen 

and protons and by the electrostatic potential inside the agglomerate, as we will 
discuss below. Dissolution of oxygen into water-filled pores is implicitly 
accounted for by incorporating a Henry’s law factor, H 0 , in i z f (r). 

The oxygen partial pressure is related to the oxygen concentration via the ideal 
gas law, P Q (zj = RTc () (zj • The cathodic overpotential is the (positive) 

difference 


rj = E tq - E , with E = 0 ptc - <j> A (8.35) 

where E eq is the equilibrium cathode potential, defined via the Nemst equation. 
Employing the usual assumption of a high electronic conductivity of the Pt/C phase 
(> 10 S cm' 1 ), this phase can be considered equipotential, i.e., </; |)|( = const., for a 
given fuel cell current density, j 0 . Using this condition, the total overvoltage 
incurred by the cathode is given by the local value of the overpotential at z = 0 , 

% =77(z = 0) (8.36) 

Moreover, 77 (z) = <j> A (z)-^ c/pt replaces the local electrolyte potential < 7 ^ (z) in 
Equation 8.27. 
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The source term of water vapor due to net evaporation is 
Q"(z) = e ^fe(S,){ q -,(T)- q (z)j 


(8.37) 


where x' e denotes the intrinsic rate constant of evaporation and q] (z) is the 
saturated vapor pressure in pores at the capillary radius r c (z), given by the Kelvin 
equation 
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with saturation pressure q s ’ m ( T ) for a planar vapor|liquid interface, surface tension 
cr , molar volume of liquid water V m , wetting angle 6 , molar gas constant R . A 
typical value of the activation energy of evaporation is E a * 0.44 eV 
(corresponding roughly to the strength of two hydrogen bonds). 

In addition to the conservation laws, a locally valid condition of mechanical 
equilibrium is needed. Here it is assumed that local pore filling is controlled by 
capillary equilibrium corresponding to the Laplace equation, 


p‘ (z) = 2<7C ° s (°) = p i ( z )_ p ' ( 2 ) = p ( z ) + q(z) + p'-p' (z) ^ 8 ' 39 ) 

r A z ) 


This relates the local distributions of liquid and gas pressures to the local capillary 
radius, r c , which further determines the local liquid water saturation, S'(z) = S r , 
via Equation 8.23. Thereby, all transport coefficients can be obtained and a closed 
system of equations is provided. Due to complex relations p c —» r c —» S r and 
S r —> D 0,v,r (5(z)),K‘ (5(z)),z° (5(z)),^ 1v (5(z)) the system of equations is 

highly non-linear. Obtaining self-consistent solutions warrants, in general, 
numerical procedures. 

8.5.3 Spherical Agglomerates 

Subsequently, we will discuss effective rates of current conversion at the 
agglomerate level. Most commonly it is assumed that agglomerates in CCLs either 
comprise a homogeneous mixture of carbon/catalyst particles and 
perfhiorosulfonated ionomer (PFSI) or that they consist of aggregated 
carbon/catalyst particles and water-filled pores which are coated on the external 
surface by a film of ionomer. These types of agglomerates represent the two 
limiting structures in terms of ionomer distribution at the mesoscopic scale, and 
both of them may exist simultaneously. 
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Different mathematical models are used to describe the transport processes and 
the electrochemical reactions happening inside the different types of agglomerates. 
For ionomer-filled agglomerates, effectiveness factors are obtained from the well- 
known Thiele modulus [54]. For water-filled agglomerates, a valid approach is 
based on Poisson and Nernst-Planck equations [142, 143]. We will focus on this 
case. As discussed, simple size considerations for primary pores in carbon/Pt 
aggregates and ionomer phase domains as well as coarse-grained MD simulations 
(Section 8.4) support the idea of having ionomer-free aggregates. Single strands of 
ionomer could penetrate into primary pores, but it is unlikely that they could impart 
noticeable proton conductivity to agglomerates. Several questions remain to be 
addressed, e.g., whether ionomer domains adhere to agglomerate surfaces with 
their hydrophobic or hydrophilic parts or whether the coating ionomer film is 
partial (weak adhesion) or complete. The latter question is vital in view of the role 
of percolation effects for catalyst utilization and the observation of limiting current 
density behavior in E ( j 0 ) relations. 



Figure 8.11. Model of spherical agglomerate of carbon/Pt with ionomer-coating of uniform 
film thickness [69]. (Reprinted from Journal of Electroanalytical Chemistry, 573(1), Wang 
Q, Eikerling M, Song D, Liu Z. Structure and performance of different types of 
agglomerates in cathode catalyst layers of PEM fuel cells, 61-9, ©2004, with pennission 
from Elsevier.) 

The simplified model system of agglomerate performance, considered in detail 
in [69], is depicted in Figure 8.11. This model is currently undergoing extensive 
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revisions. The basic version that we discuss here has, nevertheless, provided vital 
insights into catalyst effectiveness at the mesoscopic scale. The agglomerate is 
spherical with radius R a . It consists of a Pt/C matrix, with primary pores 
completely wetted by liquid water. As a simplification, we assume a uniform 
ionomer coating on the agglomerate surface. Proton and oxygen concentrations 
(c H+ , c G ) and electric potential in pore water (electrolyte) ( <p A ) inside of 

agglomerates are functions of the radial agglomerate coordinate r. Uniform 
boundary conditions apply at r = R a . Since the Pt/C phase is assumed to be 

equipotential, we can consider variations in overpotential, ij a (r) , instead of 
tj) A (r) . The functions c H+ (r), c 02 (r) and (r) determine the Faradaic current 
density (in [A cm" 3 ]), given by the Tafel equation, 
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The reference proton concentration c^! on the surface of the agglomerate is 

determined by the type of ionomer, in particular its ion-exchange capacity, and the 
volume portion of ionomer with which the catalyst layer is impregnated. For an 
orientation, a typical value is * 0.5 mol l' 1 . The value of the reference oxygen 

concentration in Equation 8.40 has to be consistent with the concentration 

used in defining the equilibrium electrode potential. 

Equation 8.2 can be used to determine the exchange current density (per unit 
volume) at the agglomerate level, . The factor /(V ptc , V el )/V ptc , which 

accounts for macroscopic percolation effects in the three-phase composite, has to 
be omitted. Moreover, assuming complete flooding of primary pores, i.e., 
g-(S r ) = 1, we obtain 


2 -IQ 3 [iw pt ]g s/v j 
(^r,c+^) T 


The factor ( X Pi( . + j in the denominator is a correction for the volume occupied 

by agglomerates relative to the total volume of an REV. According to 
Parthasarathy et al. [144], at high current density the 1-electron transfer step 

O z + H + + e —» (0 7 H) ad is rate determining. Therefore, the reaction orders 
y Qi and y H+ are taken as unity. 

The steady-state flux of hydrated protons in the agglomerate is due to diffusion 
and migration in the internal electric field. It is dictated by the Nernst-Planck 
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equation, with a sink term /', due to electrochemical reactions at the dispersed 
Ptjwater interfaces in agglomerates, 
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(8.42) 


We use the Bruggemann formula to relate the effective diffusion coefficient of 
protons in micropores, D'®, to the relative volume portion of micropores in 
agglomerates and the proton diffusion coefficient in water, 
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The variation in local electrostatic potential is obtained from the Poisson equation, 
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where £ r is the relative dielectric permittivity of water in pores and £ 0 is the 
dielectric constant. Oxygen diffusion is given by Fick’s law 
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where the effective oxygen diffusion coefficient is related by Bruggemann’s 
relation 
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to agglomerate composition and the bulk diffusion coefficient of oxygen in liquid 

water, O" . 
w 2 

Equations 8.44 and 8.45 form the basis of the Poisson-Nernst-Planck (PNP) 
theory, which is widely used in the context of ion transport through biological 
membranes [145-147]. In dimensionless form the equations are 
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= 0 . The effectiveness factor of water-filled 


p=0 


agglomerates is defined as the ratio of the overall electrocatalytic turnover rate to 
the total rate that would be obtained if reactions were distributed uniformly 


, x 3 L p2dp C o(p) C ’ P (p)exp(a c <D(p)) 
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This property can be used to rationalize the effects of boundary values 
<D (/0 = l) = <D[, C 0 (p = l) = C 0l , C p (p = l) = C p , = 1, and agglomerate structure 
on current conversion [69]. 

The results showed that the effectiveness factor of agglomerates, T a , is mainly 
affected by electrostatic effects, which are determined by the non-linear 
distribution of proton concentration and the radial variation of the electrostatic 
potential, ij a (r). Figure 8.12(a) shows the radial function c ]y (r) for various 
agglomerate radii. It decreases from the agglomerate surface towards the center 
over a characteristic length corresponding to Tp . In Figure 8.12 (b), /; a ( r ) 

increases in the same direction. In the corresponding Faradaic current density, 
shown in Figure 8.12 (b), 
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the two effects partially counterbalance each other. A smaller radius of 
agglomerates corresponds to more uniform i ¥ (r) and, thus, to more effective 
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utilization of catalyst. As apparent from Equation 8.51, the cathodic transfer 
coefficient a c steers this inteiplay. 




Figure 8.12. Radial distributions of (a) proton concentration (C H+ ) and (b) electrical 
potential (77 a ) and electrochemical reaction rates ( R orr ) f° r various radii of agglomerates 
(R a = 0.2, 0.15, 0.1,0.05pm) [69], (Reprinted from Journal of Electroanalytical 
Chemistry, 573(1), Wang Q, Eikerling M, Song D, Liu Z. Structure and performance of 
different types of agglomerates in cathode catalyst layers of PEM fuel cells, 61-9, ©2004, 
with permission from Elsevier.) 
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For negligible oxygen diffusion limitations, an integral expression for the 
effectiveness factor of ideal spherical agglomerates was found, 


r. = 


= 3 1 >° 2dp ex P[-( 1_fl 0® (/>)]> < J’(/C’) = ( 1 ) (/C’)- ( J> 1 (8-52) 


The potential distribution, €> (p \, is obtained from the solution of the Poisson- 
Boltzmann-like expression 
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Figure 8.13. Effectiveness factors as function of agglomerate radius R a for distinct values of 
the cathode transfer coefficient, a c [69], (Reprinted from Journal of Electroanalytical 
Chemistry, 573(1), Wang Q, Eikerling M, Song D, Liu Z. Structure and performance of 
different types of agglomerates in cathode catalyst layers of PEM fuel cells, 61-9, ©2004, 
with permission from Elsevier.) 

As can be seen from Equations 8.52 and 8.53, T a depends solely on a c and 
K. t oc Rl. For a c = 1, the approximate analytical solution predicts T a = 1, i.e., 
ideal catalyst utilization at the agglomerate level. Equation 8.52 links catalyst 
utilization in agglomerates and fundamental electrode kinetics, represented by a c , 
at a rather rudimentary level. Figure 8.13 comprises the effects of a c and f? a on 
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r :i . The effectiveness factor increases with increasing a c . It will be T a = 1 at 
a c = 1 and larger than 1 for a c > 1 . T a decreases with increasing R a for a c < 1 . 

How important are effects at the agglomerate level for the overall performance 
of a CCL? This depends on the relation between the two major length scales R a 
and L cl . For the most general case in conventional CCLs agglomerates will be 
small compared to the electrode thickness, R d « L cl , but their effects on catalyst 
effectiveness and voltage efficiency have to be accounted for. In this case, the fully 
coupled system of equations at agglomerate and CCL levels has to be solved self- 
consistently in order to calculate reaction rate distributions in CCLs. The limit 
7? a —» L cl corresponds to ionomer-free two-phase CCLs, which will be considered 

in Section 8.6. In the opposite limit, R a «< L cl , agglomerate effects are 
negligible and the pure macrohomogeneous approach could be used. In this case, 
only Equations 8.27 to 8.33 are relevant and Q ec (z) in Equation 8.33 is given by 
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We will discuss the main results of the macrohomogeneous model first. 

8.5.4 Main Results of the Macrohomogeneous Approach 

In the past, studies of the macrohomogeneous model have explored the effects of 
thickness and composition on performance and catalyst utilization. At the outset, it 
should be noted that these works neglected the effects of liquid water accumulation 
in pores on performance. The specific effects due to the complex coupling between 
porous morphology, liquid water formation, oxygen transport, and reaction rate 
distributions will be discussed in Section 8.5.5. The results presented in this section 
are only valid at sufficiently small current densities, for which liquid water 
accumulation in secondary pores is not critical. 

The relevant solutions of the macrohomogeneous model for the case of 
negligible agglomerate effects have been discussed in detail in [3, 43, 47]. 
Analytical relations for reaction rate distributions and relations between fuel cell 
current density and overvoltage losses in the CCL were obtained for limiting cases 
of fast oxygen diffusion and fast proton transport [43, 47]. In [148] double layer 
charging was included in the model. With this extension, the complex impedance 
response of the layer could be calculated. The model of impedance amplifies the 
diagnostic capabilities of the model, e.g., providing the proton conductance of the 
CCL from the linear branch of impedance spectra (in Cole-Cole representation) in 
the high frequency limit. 

Three different regimes of current density exist in electrode polarization curves: 
( 1 ) a kinetic regime at small current densities, y 0 ■« / , which exhibits a simple 
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rtl cl 

where p o =p o (z = L a ) is the oxygen partial pressure at the CCL|GDL interface; 
and (3) an oxygen depletion regime for _/„»/, in which all oxygen is consumed 
in a sublayer of thickness S a « L a ■ For a given composition, the thickness and 

the target current density of fuel cell operation should be adjusted in order to 
operate the catalyst layer in the intermediate regime, since it represents the best 
compromise between transport losses and kinetic losses. Although reaction rates 
distributions exhibit a pronounced non-uniformity in this regime, all parts of the 
layer are used for reactions. There are, thus, no inactive parts. As long as the CCL 
is operated in the intermediate regime, overvoltage losses are almost independent 
of the thickness. In [3] these findings were displayed in the form of a phase 
diagram. 

The existence of a maximum thickness beyond which the performance 
degrades is due to the concerted impact of oxygen and proton transport limitations. 
Considered separately, each of these limitations would only suffice to define a 
minimum thickness, below which performance worsens due to insufficient 
electroactive surface. The thickness of the effective layer in which current density 
is predominantly generated is given by the reaction penetration depth: 



(8.56) 


In the oxygen depletion regime, /„ » I , only a thin sublayer with thickness 
S CL « L cl , adjacent to the GDL, is active. The remaining sublayer with thickness 
(L - c) CL ) ~ L cl , adjacent the PEM side, is not used for reactions, due to starvation 

in oxygen. This highly non-uniform reaction rate distribution implies 
underutilization of catalyst. The inactive part causes overpotential losses due to 
proton transport in the embedded ionomer phase, which could cause limiting 
current behavior, if the proton conductivity is poor. In summary, S CL ~ L cl should 
be warranted. This corresponds to operation of the CCL in the intermediate regime, 
which ensures a good balance of high performance (i.e., minimal overpotential 
losses) and effective catalyst utilization. 
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Figure 8.14. (a) Effect of the Nafion weight fraction, F el , in cathode catalyst layers with 
uniform composition on the performance of the fuel cell, shown in the form of E(j 0 ) 
relations, (b) Variation of cell potential as a function of Nafion weight fraction F el for 
different operating current densities jo. Experimental data taken from [151] are shown for 
comparison. The experimental data have been corrected for the membrane contribution, 
displaying only the contribution of the cathode catalyst layer to E [149]. (Reproduced by 
permission of ECS - The Electrochemical Society, from Wang Q, Eikerling M, Song D, Liu 
S, Navessin T, Xie Z, et al. Functionally graded cathode catalyst layers for polymer 
electrolyte fuel cell.) 
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The macrohomogeneous model was exploited in optimization studies of the 
catalyst layer composition, using the relations specified in Section 8.4. The theory 
of composition-dependent performance reproduces very well experimental findings 
[12, 53, 149-151]. The dependence of E (/„) on mass fraction of ionomer 7 el for a 

cathode catalyst layer with uniform composition is illustrated in Figure 8.14(a) 
[149]. The optimum value of 7 el that gives the highest voltage efficiency depends 
on the current density range. At intermediate current densities, 
0.5 A cm 2 < /,, < 1.2 A cm' 2 , the best performance is obtained with 7 el = 35 wt% . 
Increasing 7 el to values >35wt% in this range, leads to reduced E ( / 0 ) because 
of its deleterious impact on oxygen diffusion. Further increase in 7 el enhances 
E (/ 0 ) only at low current densities, i.e., j 0 < 0.5 A cm' 2 , for which oxygen 
diffusion is not rate limiting. In this range, larger values of 7 el lead to a reduction 
of ohmic losses. At various current densities in the range j 0 > 0.5 A cm 2 the cell 
potential is shown in Figure 8.14(b) as a function of 7 el in comparison with 
experimental data by Passalacqua et al. [151]. The effect of Nation weight fraction 
on performance predicted by the model is consistent with the experimental trends. 

The model was also used to explore novel design ideas. It was predicted and 
confirmed in experiment that functionally graded layers result in improved voltage 
efficiency compared to standard CCLs with uniform composition [53, 150], In this 
design, the catalyst layer is fabricated as a sublayer structure with gradually 
varying composition. Compared with the layer of uniform composition with 
7 el =35wt% , corresponding to the optimum in Figure 8.14, a simple three- 
sublayer structure with 30 wt% Nafion content in the sublayer towards the GDL 
side, 35 wt% Nafion content in the middle sublayer, and 40% wt Nafion content in 
the sublayer towards the membrane side improves E ( j 0 ) by about 5%. Another 

advantage of this design is the reduced Ohmic resistance at the PEM|CCL interface 
due to the improved contact area between electrolyte phases at higher Nafion 
loading on the CCL side. In the interface between GDL and CCL, lower Nafion 
loading will decrease the probability of blockage of pores by Nafion and, thereby, 
facilitate water removal via the GDL. 

8.5.5 Water Management in CCLs 

The effects of the porous structure and liquid water accumulation on steady-state 
performance were explored in [50, 51], employing the structural picture and the 
corresponding framework model of catalyst layer operation, as discussed in 
Section 8.5.2. 

The equations were solved with the following boundary conditions: 

(i) At the CCL|GDL boundary (z = L cl ), the electrode potential is fixed, 

77 (z = Z) = rj L ; this determines the working point of the fuel cell, i.e., the proton 
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flux at the PEM|CCL boundary (z = 0 ), j 0 = j (z = 0 ). It also fixes the value of 
the oxygen flux at the CCL|GDL boundary. 

(ii) The oxygen partial pressure at z = L a is P Q . In [50], P Q was considered as 

an externally controlled parameter. Instead, in [51], the oxygen partial pressure at 
the interface between GDL and flow field (FF) was assumed to be controlled and 
diffusive gas transport in the GDL was taken into account, using Fick’s law, 

P 02 =P 02 (GDL\FF)-^-^- (S.57) 

./^uDL 

where D gdl is the oxygen diffusion coefficient and Z, GDL the thickness of the 
GDL. This allowed the identification of distinct signatures in E(j 0 ) response 

curves due to due to limited oxygen transport in either the CCL or the GDL. 

(iii) The proton flux is completely consumed in the CCL and, therefore, 

ip( Z = Z 'CL) = 0 - 

(iv) Since the PEM is assumed to be gas-tight, we have f (z = 0) = 0 . 

(v) A value of the liquid pressure at the PEM|CCL boundary is assumed, i.e., 
p ] (z = 0) = p w . 

(vi) The liquid flux at the PEM|CCL boundary is / (z = 0) = j m . 

(vii) At the CCL|GDL boundary, the liquid flux is f (z = L) = y(j m + y 0 /2) • The 
parameter y , thus represents the portion of water that leaves the CCL towards the 
GDL side in liquid form. The remaining portion, i.e., 
f (z = L) = (1 —/)(y m + y 0 /2) , will be in vapor form. Complete liquid-to-vapor 
conversion corresponds to y = 0 . 

In principle, a full MEA model would be needed to obtain values of the 
parameters p a , j m , and y from solutions of the complete set of balance equations. 
Since here we focus on the CCL model only, these values cannot be determined 
self-consistently. They have to be considered as controlled parameters. In order to 
reduce the number of undetermined parameters, we impose a condition on y : for 
any given operating conditions we assume the maximum conversion of liquid 
water into water vapor, i.e., y should be minimal. As discussed in [50], this 
condition defines a critical current density of fuel cell operation, below which the 
CCL could completely vaporize liquid water. This critical current density 
represents the liquid-to-vapor conversion capability of a CCL. The condition of 
minimal y implies optimum vapor removal out of the MEA through the GDL and 
FF. Such conditions are realistic for operation of the PEFC with dry reactant on the 
cathode side. Moreover, the GDL should possess high gas diffusivity. 

In [50], the continuous psd was replaced by a bimodal 5-distribution 
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dr 


x ^{ r -r») + X u 5(r-r M ). 


(8.58) 


This assumption permits a full analytical solution and readily reveals major 
principles of water handling and performance in CCLs. At the same time, it still 
captures essential physical processes, critical phenomena, operation conditions, 
and major structural features such as typical pore sizes ( r ■ r M ) and distinct 

contributions to porosity from primary and secondary pores (X , X M ). 

In terms of liquid water saturation and water management in the CCL, the 
bimodal 5-distribution leads to a three-state model. The three states that any REV 
could attain are the dry state ( S r ~ 0, water-free system), the ideally wetted state 
( S r = X v jX p , primary pores are completely water-filled while secondary pores are 
water-free), and the fully saturated state (*Sj.=l). In the ideally wetted state, 
catalyst utilization and exchange current density are high (g« 0.8-0.9). The 
surface area for evaporation, £ h , is large as well. Moreover, diffusion coefficients 
will still be high, since secondary pores remain water-free. In the fully saturated 
state major parts of the layer are deactivated due to the blocking of oxygen 
diffusion pathways by liquid water. 

An expression for the characteristic current density, below which complete 
liquid-to-vapor conversion is possible, was obtained, 


• lv 
./cm 




tanh 
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C 

K, 


K = 


ML 

e 0 ^2 


v / 2 


(8.59) 


where q \, D\, Q represent saturated vapor pressure, vapor diffusion coefficient, 
and liquid|vapor interfacial area in the ideally wetted state. 

Moreover, the cathode catalyst layer fulfils an important function in regulating 
opposite hydraulic fluxes towards PEM and GDL sides. The results also strongly 
suggest the CCL as a critical fuel cell component in view of excessive flooding that 
could give rise to critical effects in E ( j 0 ) -relations. Under certain conditions 

( / c fl nt > ), critical liquid water formation arises first in the interior of the layer, 

close to the CCL|GDL interface and not at the PEM|CCL boundary. 

The model revealed sensitive dependencies of CCL operation on porous 
structure, thickness, wetting angle, total gas pressure on cathode side, and net 
liquid water flux from the membrane. With rather favorable parameters (10 pm 
thickness, 5 atm cathodic gas pressure, 89° wetting angle), the critical current 
density of CCL flooding is found in the range 2-3 A cm' 2 . Lor increased 
thickness, smaller gas pressure, or slightly reduced wetting angles of secondary 
pores, CCLs could be flooded at current densities well below 1 A cm' 2 . The 
contact angle is an important parameter in this context, highly influential but 
difficult to control in fabrication [146, 152]. 
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Solutions of the physical model of CCL operation for general continuous pore 
size distributions were recently presented in [51]. With this extension the full 
coupling between composite porous morphology, liquid water accumulation, 
transport of reactants and products, and electrochemical conversion rate in the 
oxygen reduction reaction could be explored (cf. Figure 8.15). Continuous PSDs 
allow the relating of global performance effects to local distributions of water, 
fluxes and concentrations of reactants, and reaction rates in the layer. It was found 
that a CCL alone cannot give rise to limiting current behavior in current-voltage 
response curves. The explanation is simple and intuitive: in the fully saturated 
state, the layer retains a residual oxygen diffusivity through liquid-water filled 
pores = 2.0-10 fi cm V ; the main effect of excessive water accumulation will 
be a corresponding drastic decrease in the reaction penetration depth S CL to values 
in the range of 100 nm« L cl ; the overvoltage of the CCL will increase 
accordingly so that the smaller fraction of active Pt atoms in the active part can 
maintain the fixed total current density; the voltage increase is related 
logarithmically to the factor by which the reaction penetration depth decreases, 
following the dependence imposed by the Butler-Volmer equation. 



Figure 8.15. Plot of cell potential vs. fuel cell current density, E(j 0 ), indicating the effect of 
liquid water accumulation in the CCL on perfonnance (solid line). The interplay of liquid 
water accumulation in pores and impeded oxygen transport causes the transition from the 
ideally wetted state to the fully saturated state (dotted lines), as indicated [51]. (Reprinted 
from Electrochimica Acta, 53.13, Liu J, Eikerling M. Model of cathode catalyst layers for 
polymer electrolyte fuel cells: The role of porous structure and water accumulation, 4435- 
46, ©2008, with permission from Elsevier.) 


Upon increasing the current density generated by the fuel cell, a transition 
between two principal states of operation occurs, as illustrated in Figure 8.15. The 
ideally wetted state at low current densities exhibits levels of liquid water 
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saturation well below the critical value for pore blocking, corresponding to 
relatively uniform distributions of reactants and reaction rates and thus effective 
utilization of the catalyst. In the fully saturated state, liquid water saturation 
exceeds the critical value in parts of the layer. These parts could sustain only low 
residual gas diffusivity. Corresponding reactant and reaction rate distributions will 
be highly non-uniform. The main part of the CCL will be inactive. The transition 
between the two states of operation can occur monotonously or it could involve 
bistability, as a signature of nonlinear coupling between liquid water accumulation, 
gaseous transport, and electrochemical conversion rate. Bistability means that two 
stable steady-state solutions of the continuity equations coexist in the transition 
region. 
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Figure 8.16. The stability diagram of the cathode catalyst layer, displaying the effect of the 
wetting angle on the state of operation over a relevant range of operating current densities 
[51], The different regions correspond to ideally wetted state (light gray), bistability region 
(shaded), and hilly saturated state (dark). (Reprinted from Electrochimica Acta, 53(13), Liu 
J, Eikerling M. Model of cathode catalyst layers for polymer electrolyte fuel cells: The role 
of porous structure and water accumulation, 4435-46, ©2008, with permission from 
Elsevier.) 

The critical current density of the transition from ideally wetted state to 
transition region or fully saturated state is the major optimization target of CCLs in 
view of their water handling capabilities. A larger critical current density allows 
the extracting of higher voltage efficiency and power density from PEFCs. Critical 
current densities depend on structural parameters and operating conditions. 
Stability diagrams have been introduced for assessing the effects of these 
parameters on CCL performance. The stability diagram in Figure 8.16 displays the 
effect of the wetting angle on fuel cell operation, distinguishing between ideally 
wetted state (light gray), bistability region (shaded), and fully saturated state (dark 
gray). The task of water management in CCLs is to push back capillary equilibrium 
to small enough pores so that liquid water formation cannot block gaseous 
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transport in secondary pores. Beneficial conditions in view of this objective are 
high total porosity, large volume fraction of secondary pores, a wetting angle that 
closely approaches 90°, a high total gas pressure, and high temperature of 
operation. 


8.6 Comparison and Evaluation of Catalyst Layer Designs 

The key metrics for the evaluation of successful designs of catalyst layers are the 
effectiveness factor of catalyst utilization, voltage efficiency, and water handling 
capability in operational PEFCs. Of course, the evaluation can be performed on the 
basis of empirical data collected with standard experimental characterization tools 
that have been established over recent decades in countless research institutes 
worldwide. A purely empirical approach cannot, however, rationalize the complex 
relations between random composite morphologies, physico-chemical properties of 
transport and electrochemical kinetics, distribution of reactants and water, and 
performance. Moreover, it fails in accurately predicting what the reserves for 
catalyst layer improvement are and how they could be harnessed, viz. by catalyst 
design at the nanoscale, optimization of the substrate in view of porous 
morphology and wetting properties, optimization of thickness, and composition of 
the complete layer. As a consequence, many controversial issues related to catalyst 
layer characterization and operation persist today. 

As described in this chapter, the physical theory and molecular modeling of 
catalyst layers provide various tools for relating the global performance metrics to 
local distributions of physical parameters and to structural details of the complex 
composite media at the hierarchy of scales from nanoscale to macroscale. The 
subsisting challenges and recent advances in the major areas of theoretical catalyst 
layer research include: (i) structure and reactivity of catalyst nanoparticles, (ii) self¬ 
organization phenomena in catalyst layers at the mesoscopic scale, (iii) 
effectiveness of current conversion in agglomerates of carbon/Pt, and (iv) interplay 
of porous structure, liquid water formation, and performance at the macroscopic 
scale. 

In this section we will apply tools in physical theory and molecular modeling to 
compare various designs of catalyst layers. The major design parameter, the 
effectiveness of catalyst utilization, is most difficult to evaluate for conventional 
CLs with 3-phase composite morphology, due to the inteiplay of statistical factors 
and processes at 3 major scales. Partial wetting of pores further complicates this 
inteiplay, as discussed in Section 8.5.5. Well-defined approaches can be defined at 
separate scales; however, the reconciliation of agglomerate model and percolation 
model, as suggested at a rudimentary level in Equation 8.2, is not trivial. This will 
require further refinement in future works. Fully flooded, ultrathin CLs essentially 
eliminate one phase, viz. the ionomer phase, and one structural level, viz. effects of 
percolation and partial wetting at the macroscopic scale. This simplifies the 
evaluation of the statistical factors in relation to composition and of the reaction 
penetration depth in relation to thickness. 
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8.6.1 Conventional Catalyst Layers 

At the macroscopic scale, catalyst utilization is severely limited by the statistical 
constraints imposed by the 3-phase random composite structure. Only catalyst 
particles that are simultaneously accessible to electrons, protons, and oxygen could 
be electrochemically active. These requirements are included in the factors 
r.c,*ei)/Xr,c and *(*,) in Equation 8.2. It was suggested in [3, 6, 47, 50] 
that due to these factors alone the upper limit of catalyst utilization lies in the range 
of-20%. 

At the mesoscopic scale, the effectiveness factor T a of agglomerates is a strong 
function of agglomerate radius and cathodic transfer coefficient, as discussed in 
Section 8.5.2. At values a c <0.9 and 7? a >50 nm, T a could be markedly smaller 

than 1. Moreover, factors at the nanoparticle level in Equation 8.2 further reduce 
catalyst utilization, viz. the atomistic surface-to-volume ratio of catalyst atoms, 
e s,w , and the fraction of active catalyst sites. What’s more, the remaining fraction 
of electrochemically active sites could be used ineffectively. Vast parts of the 
catalyst layer could be inactive due to the starvation in oxygen for S CL « L cl , i.e., 
when the thickness and current density of the fuel cell do not conform well to each 
other. 

A calculation of the overall effectiveness of catalyst utilization in conventional 
CCLs has been recently performed in [56], including all of the aforementioned 
detrimental factors. This estimate suggests that less than 10% of the catalyst is 
effectively utilized for reactions. Ineffectiveness of catalyst utilization is a major 
downside of random 3-phase composite layers. 

8.6.2 Ultra-thin Two-phase Catalyst Layers 

The alternative is to fabricate CCLs as ultrathin two-phase composites 
( L cl ~ 100 nm -200 nm), in which electroactive Pt could form the electronically 
conducting phase, or Pt nanoparticles could be supported on a conductive 
substrate. The remaining volume should be filled with liquid water, as the sole 
medium for proton and reactant transport. The ultra-thin two-phase catalyst layer 
was explored by using the Poisson-Nernst-Planck (PNP) equations as employed for 
water-filled spherical agglomerates [69, 118]. The equations in Section 8.5.2 can 
be rewritten for the ID planar situation 


_d_ f fSy +c do' 

d^d<r + p dc y 


-K l C 0 C v exp(a c O) 


(8.60) 
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In the current density range of 10 3 A cm' 2 to 10 1 A cm' 2 , 


oxygen concentration will be uniform. Moreover, the reaction term can be 
neglected in the Poisson-Nernst-Planck equation. Therefore, an analytical solution 
in implicit form could be found [118]. The profiles of ® ( p ) and C p ( p ) are 
determined by 
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where <D 0 and ®, are the dimensionless electrolyte potential at C = 0 and £ = 1, 
which are related by 
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The effectiveness factor is 
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A modified Tafel law can be written for the current-voltage performance 


j 0 =LS«j 0 r u 


-*f«p 


ccFt] l 

RT 


( 8 . 68 ) 


r uc accounts for the deviations from the generic Tafel characteristics. It can be 
seen from Equation 8.67 that for a c ~ 1 , catalyst utilization becomes uniform, 
r uc «1 and the unmodified Tafel law is retained. This implies that the total 

intrinsic surface area of Pt, .S' 0(1 , could be utilized in the ultrathin CCLs if 
complete wetting of the Pt surface is assumed. This is in contrast to conventional 
CCLs, in which .S dl is reduced by a factor —1/5 relative to the total intrinsic 
surface area of Pt due to the three-phase composite structure and incomplete 
wetting of pores. 



Figure 8.17. Effectiveness factor of ultrathin two-phase catalyst layers as a function of 
thickness, L cl , at different current densities. (Reproduced by permission of ECS - The 
Electrochemical Society, from Wang Q, Eikerling M, Song D, Liu S. Modeling of ultrathin 
two-phase catalyst layers in PEFCs.) 

The results show that Z CL and a c are the two major factors for the performance 
of ultrathin CCLs with two-phase composite structure. The solution of Equations 
8.60 to 8.62, including for finite oxygen transport, is shown in Figure 8.17. This 
shows the effect of L cL on r uc for a c = 1 at different j 0 . As expected, r uc 
exhibits a pronounced decrease with the increase of L cl at all current densities. At 
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j 0 =1.0 A cm' 2 , T uc decreases from > 80% to -20%, for L cl increasing from 60 
nm to 300 nm. Figure 8.17 displays the proper thickness of the CCL, if the fuel cell 
is to be operated at a certain current density with a specified effectiveness factor. 

As an example of how to use the insights conveyed in this chapter we provide 
an explicit comparison of overall effectiveness of Pt utilization (by atom number or 
catalyst weight) for conventional 3-phase composite and ultrathin CCLs, in Table 
8.2. For conventional catalyst layers, the main detrimental factors arise at the 
nanoparticle scale ( t /' v ) and at the macroscopic scale due to triple-phase boundary 
requirements. For the nanostiuctured ultrathin CCLs it is assumed that a sputter- 
deposited continuous Pt layer is needed to provide electronic conductivity. It was 
suggested in [153] on the basis of cyclic voltammetry measurements that the 
irregular surface morphology of such catalysts corresponds to grain sizes of -10 
nm with £- s/v =0.15 . 


Table 8.2. Comparison of conventional three-phase composite and ultrathin CCLs in terns 
of effectiveness factors. 



Conventional 3- 
phase CCL 

Ultrathin CCL 

Current density, j 0 

1.0 A cm' 2 

1.0 A cm' 2 

0? partial press at z = L cl , p L 

1.0 atm 

1.0 atm 

Thickness, L cl 

a 

=L 

O 

200 nm 

Transfer coefficient, a c 

1.0 

1.0 

Pt particle/grain size, r pt 

1.5 nm 

5 nm 

S-to-V atom ratio, £ S/V 

= 0.4 

= 0.15 

Agglomerate radius, R a 

50 nm 

NA 

Effectiveness at mesoscale 

r a = i 

r uc = 0-6 

Fraction of wetted surface area in pores, g (5 r ) 

= 0.8 

= 1.0 

Fraction of Pt at 3-phase boundary, 

/KcAi)/*r,c 

= 0.28 

NA 

0 2 diffusion coefficient 

2-10~ 4 cm 2 s' 1 

2 -10 6 cm 2 s' 1 

Reaction penetration depth, £> CL 

£> cl = 3 • L cl 

NA 

Overall effectiveness of Pt utilization (by atom 
number) 

0.09 

0.09 
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The rough estimates in Table 8.2, which distinguish factors due to statistical 
inhomogeneities and non-uniformities of reaction rate distributions at scales from 
nano- to macroscale, indicate that the two kinds of CCL exhibit similar 
effectiveness factors of Pt utilization. All in all, any of the factors is fraught with a 
certain error - thus overall, the estimation would be somewhat speculative. On the 
other hand, the message is clear. The effectiveness of catalyst utilization in 
currently fabricated CCL, viz. three-phase composite gas-diffusion CCLs and 
ultra thin nanostructured CCLs, is most likely < 10% and not close to 100%, as 
suggested recently by Neyerlin et al. [154]. This assessment demonstrates the 
prospects for raising the ratio (current conversion rate)/(Pt loading) by a significant 
factor through structural design of catalyst layers. 


8.7 Summary and Outlook 

In this chapter, we have provided an overview of the theoretical understanding of 
CCL operation at a hierarchy of scales. The long-term objective, facilitated by this 
systematic understanding, will be to develop nanostructured architectures for 
catalyst layers with high activity, low catalyst loading, and high stability. 

Basically, a fuel cell electrode can be seen as a highly dispersed interface 
between Pt and electrolyte (ionomer or water). Due to the random composition, 
complex spatial distributions of electrode potential, reaction rates, and 
concentrations of reactants and water evolve under PEFC operation. A subtle 
electrode theory has to establish the links between these distributions. 

The modeling of structure and operation of CLs is a multiscale problem. The 
challenges for the theory and modeling of catalyst layer operation are, however, 
markedly reduced if we realize that the main structural effects occur at well- 
separated scales, viz. at catalyst nanoparticles (a few nm), at agglomerates of 
carbon/Pt (~ 100 nm ), and at the macroscopic device level. 

Any development in fuel cell catalysts and catalyst layer materials relies on 
understanding self-organization phenomena during structure formation, 
electrokinetics of the ORR and HOR at highly dispersed catalyst surfaces, transport 
phenomena in porous composite media, integration between CLs and other 
components in the fuel cell, in particular with respect to water management, and 
degradation phenomena in view of the CL stability. To identify most active 
electrocatalyst materials and appropriate substrates, combined computational and 
theoretical methods (DFT, OF-DFT, kinetic Monte Carlo simulations, MD 
simulations) are needed to overcome the size and time-scale limitations of 
conventional DFT techniques. Simulations of physical properties of realistic Pt/C 
nanoparticle systems could provide interaction parameters needed in models of 
self-organization phenomena (agglomeration and phase segregation). Theoretical 
models of electrokinetic mechanisms, on the other hand, are needed to establish 
trends between catalyst structure and oxygen reduction kinetics. 

Atomistic and coarse-grained MD simulations of self-organization in catalyst 
layers suggest that the resulting structures are inherently unstable. Applicable 
solvents with different dielectric constants correspond to different stable 
conformations in terms of agglomerate sizes, sizes of ionomer domains, pore space 
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morphology, and connectivity of phase domains. The replacement of low-dielectric 
solvents used during fabrication of catalyst layers by water as the working liquid in 
the operating fuel cell will thus destabilize the initially formed structures, causing a 
drift towards a new stable conformation. Complementarily, statistical 
computational and continuum approaches towards modeling of the CL at the pore- 
network level provide guidelines to correlate fabrication processes to 
microstructure and effective properties. Dynamic simulations of structural changes 
during formation processes lend themselves equally well to the study of 
mechanisms underlying structural degradation. 

In spite of the complexity of catalyst layers, the presented theoretical tools 
contribute to the fundamental understanding of structure-function relations and 
they provide guidelines for upgraded diagnostics and optimized design. Parasitic 
voltage losses that are caused by reduced activity of the catalyst, impaired mass 
transport, and insufficient water management could be identified and minimized. 

The best strategy to approach the optimization of catalyst layers would be a 
concerted experimental-theoretical effort. Since the theory inevitably has to invoke 
quite a number of simplifying assumptions, often of uncontrollable nature, offering 
a pure theoretically driven optimization would be irresponsible. Ex situ diagnostics 
is needed to characterize structural details and explore their relations to effective 
properties. The availability of such experimental data defines the level of detail of 
structure-property relationships that the theory could employ. In situ experimental 
studies, exploring the performance and comparing it with the theoretical 
predictions, provide the essential benchmark for optimization. The theory, 
corroborated by these systematic experimental procedures, could then be used to (i) 
identify salient features of good or bad catalyst layer performance, (ii) explain 
causes of catalyst layer failure, (iii) identify the needs of new material designs, and 
(iv) suggest catalyst particle sizes, porous structure, wetting properties, thickness, 
composition, operating conditions, etc. for attaining the highest fuel cell 
efficiencies and power densities. Examples of how to employ instinctive 
theoretical tools in this process, leading from understanding to new design, have 
been provided throughout this chapter. 

Naturally, the success of this strategy depends decisively on the ability to 
fabricate catalyst layers in a reproducible and stable way. Moreover, processes in 
catalyst layers are coupled strongly and nonlinearly to the operation of other 
components in the fuel cell. As emphasized in [47], fuel cells have to be designed 
as a whole, not as a collection of stand-alone parts. A full optimization has to 
account for these cooperative phenomena. 
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9.1 Introduction 

This chapter deals with aspects of the synthesis of fuel cell catalysts. Practical 
catalysts for low-temperature fuel cells are typically in the nano-size range and are 
frequently formed or deposited on high-surface-area supports. Pt is the most 
commonly used catalyst for both cathode and anode in proton exchange membrane 
fuel cells (PEMFCs). In the case of the cathode, combined catalyst systems such as 
Pt nanoparticles supported on Au or Pt alloy catalysts, as well as Pt-skin catalysts 
formed in combination with the iron group metals have also attracted attention. 
Much work has been carried out on the development of “non-noble” metal (Pt-free) 
catalysts, the synthesis of which will be discussed in Section 9.5. In the case of the 
anode, bi-metallic catalysts are typically employed unless the fuel is neat H 2 . Pt-Ru 
is the state-of-the-art catalyst for both methanol and reformate fuel cells. For the 
latter, other anode catalysts such as Pt/MoO x and Pt/Sn are also considered 
promising. 

In this chapter we present an overview of methods used to synthesize fuel cell 
catalysts, with a focus on catalysts for PEMFCs and direct methanol fuel cells 
(DMFCs). Examples for the synthesis of catalysts for other low-temperature fuel 
cells, such as formic acid, are not included in this chapter. The synthesis of both Pt- 
based and Pt-free catalysts is discussed, and dedicated sections describe methods 
that allow control of catalyst size and composition. First, general catalyst synthesis 
methods are introduced. Subsequently, the reader is introduced to particle size and 
“structure” control of fuel cell catalysts. 


9.2 Catalysis Synthesis Methods 

The purpose of this sub-section is to present to the reader with a general overview 
of the most common synthetic methods for fabricating Pt-based catalysts. Although 
no single method is superior to the others, depending on the end application of the 
catalyst and the instrumentation available, one method may be advantageous over 
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another. Therefore, the reader is advised to consider the intrinsic advantages and 
disadvantages of each method when selecting which to use. 

9.2.1 Low-temperature Chemical Precipitation 

Platinum and platinum-based nanocatalysts can be made by chemical precipitation 
at low temperatures. The use of this synthesis method dates back several decades 
[1]. Its advantage is preparation under “mild” conditions, i.e., at low temperatures. 
Supported and unsupported catalysts can be made, and the process is in principle 
simple, involving the addition of a reducing agent to a platinum-salt solution. Bi¬ 
metallic catalysts can be made by the co-precipitation of a solution of two metal 
precursor salts, e.g., Pt- and Ru-salts. Ideally, the precursor salt is reduced to the 
metallic state and precipitates out of solution, forming unsupported catalysts that 
can be filtered and washed. Single and bi-metallic Pt and Ru catalysts of 3 to 12 
m 2 g 1 surface area were made by reducing and co-reducing aqueous solutions of 
H 2 PtCl 6 and RuC 1 3 using sodium borohydride and hydrazine hydrate [1]. Sodium 
borohydride seems to be the preferable reducing agent. The final products are PtRu 
alloy powders, which are frequently reduced at 300 °C in H 2 . However, it has been 
shown more recently that H 2 treatment at such high temperatures is not essential 
for PtRu alloy formation and complete reduction [2]. 

An attractive low-temperature route is to use carbonyl precursors that 
decompose at low temperatures and avoid chloride contamination [3, 4]. Many 
studies use the synthesis methods reported by Chini and Adams for monometallic 
carbonyls and heterometallic carbonyls [5, 6]. The metal-carbonyl can be formed 
by bubbling CO through a solution of, e.g., platinic acid (H 2 PtCl 6 ), which has been 
reported to result in the formation of a Pt(CO) 2 precipitate that can be washed, 
filtered, and dried [4]. To form supported catalysts, carbon black is added prior to 
the reduction of the metal-carbonyls. Unsupported particles grow more rapidly 
than supported particles; typically they are at least twice the size of supported 
particles [7]. Despite this limitation, platinum electrocatalysts as small as 3 nm 
have been fabricated with [Pt 3 (CO) 6 ]~io 2 as the platinum source and hydrogen as 
the reducing agent. Platinum alloys can be made by first fabricating the bimetallic 
carbonyl via: 

[Pt 3 (CO) 6 ]. 10 2 - + M y X n [Pt x M y (CO) z ]-. 10 2 ~ (9.1) 

where M = Sn, Ni, Cr, Co, and X = CP followed by hydrogen reduction. As an 
example, Pt-Sn particles (of atomic ratio 3:1) with an average size of 2.4 ± 1 nm 
have been made by this method [7]. Supported, bi-metallic Pt-Ru catalysts have 
also been made by dissolving Pt and Ru-carbonyl precursors in o-Xylene [4]. 
Vulcan XC72 was added and the mixture was refluxed at 143 °C for 24 h to form 
the carbon-supported, nanosized Pt-Ru catalysts. 

9.2.2 Colloidal 

The colloidal method of generating nanocatalysts is similar to the chemical catalyst 
precipitation method. However, it involves the added benefit of a capping agent 
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that allows for size control of the catalysts and prevents agglomeration of the 
catalyst particles. Any molecule that adsorbs onto the catalyst has the potential to 
act as a capping agent. The experimental procedure is as simple as combining the 
metal source, a reducing agent, and a capping agent together and mixing. Bi¬ 
metallic and other colloidal catalysts can be prepared by co-reduction. If 
dihydrogen gas is the reducing agent, it is typically bubbled through the solution. 
To synthesize supported catalysts a carbon support is added to the mixture before 
or after the formation of the catalyst particles. If a fast reducing agent is used the 
reactions can be completed within less than 30 minutes [8]. Conversely, slow 
reducing agents, like dihydrogen gas at room temperature, require longer reaction 
times and are generally allowed to react overnight or for at least 12 h. 

Initial reports for the synthesis of bi-metallic, nanosized PtRu catalysts 
involved a number of steps. A well-known synthesis of bi-metallic carbon- 
supported Pt/Ru catalysts of high surface area (ca. 80 m 2 g 1 Pt + Ru) is the 

Watanabe method [9]. They first formed colloidal “Pt0 2 ” from platinic acid 

(H 2 PtCl 6 ) with the reduction of NaHS0 3 and oxidative decomposition with H 2 0 2 at 
a fixed pH of 5, according to the following, possible reaction scheme [10]: 

H 2 PtCl 6 +3NaHSO, +2H,0 H 3 Pt(S0 3 ),0H + Na 2 S0 4 +NaCl + 5HCl 

(9.2) 

H 3 Pt(S0 3 ) 2 0H + 3H,0 2 —> Pt0 2 +3H,0 + 2H 2 S0 4 (9.3) 

Subsequently, RuC 1 3 was added and the formation of a brown-colored colloid 
“Ru 0 2 ” was suggested to have taken place as follows: 

RuClj + 3 / 2H,0 2 -> RuO, + 3HC1 +1 / 20, (9.4) 

Carbon black was added to the solution and H 2 was bubbled through it for 

complete reduction and formation of the carbon-supported PtRu alloys. PtRu alloy 
formation was proposed to have taken place, as TEM images of the formed 
nanosized particles indicated a face centered cubic structure (fee) rather than 
hexagonally closed packed (hep) structure typical for metallic Ru. 

The colloidal synthesis method has also been successfully tailored to allow for 
particle size and composition control, as well as shape control for Pt-based 
nanoparticles. Control of these factors will be discussed in Section 9.3. 

9.2.3 Sol-gel 

The sol-gel technique begins with the formation of a liquid solution of suspended 
particles (a sol) that is aged and dried to form a semi-solid suspension of particles 
in a liquid (a gel), which is finally calcified, resulting in a mesoporous solid or 
powder. There are four distinct steps to the sol-gel technique [8]: (1) formation of 
the gel; (2) aging to allow fine-tuning of the gel properties; (3) diying to remove 
the solvent from the gel; and (4) calcination to permanently change the physical 
and chemical properties of the solid. The aging and calcination steps allow for fine 
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control of the pore size distribution and volume by controlling experimental 
parameters like time, temperature, heating rate, and pore liquid composition. 

Metallic nanocatalysts can be incorporated into the mesoporous structure by a 
variety of methods. Prefabricated nanoparticles can be incorporated into 
mesoporous solids by adding the particles into the sol-gel mixture or, if the 
particles are formed by microemulsions (see Section 9.2.5), the microemulsion can 
be incorporated into the preformed mesoporous structure. Alternatively, metal salts 
can be added during gel formation or after the mesoporous structure has formed 
[12]. An example of the former is the synthesis of WO, and WO. v /Pt films that were 
made by synthesizing W(OC 2 H 5 ) 6 and H 2 PtCl 6 sol-gel solutions, followed by aging 
and calcination [13]. A significant drawback associated with this method is that the 
catalytic nanoparticles may be buried within the structure rather than near the 
pores. If the particles are not located near the pores they will not be accessible to 
reactants and therefore will not be efficient catalysts. 

Adding nanocatalysts after the mesoporous structure has formed, i.e., after 
calcination, ensures that the particles form in the pores, provided that the particle 
size/pore ratio is suitable. Particle formation and deposition can be accomplished 
by impregnating the structure with the metal ions, followed by a reduction step (see 
Section 9.2.4) [13]. The impregnation technique allows for controlled particle 
growth, as the pore size limits particle growth. Impregnation can be facilitated by 
functionalizing the mesoporous structure with organic groups that anchor metal 
compounds and/or interact with the surface of the growing nanoparticles. For 
example, a gel containing acidic functionality on its backbone was required to 
facilitate the doping of an organic gel with Pt(NH 3 ) 4 Cl 2 [14]. Functionalizing pores 
with cationic surfactants allows for ion exchange - i.e., the metal cations can 
replace the cationic surfactants [13]. Since monovalent surfactant cations are 
replaced with multivalent metal cations, entropy drives this efficient ion exchange. 
Once the ion exchange is completed the metal cations are reduced to form 
nanocatalysts. Chemical vapor deposition (see Section 9.2.8) is another method for 
adding nanocatalysts to prefabricated mesoporous structures [13]. This method 
should be restricted to thin films or particles (i.e., not to monolithic samples) to 
prevent uneven distribution of the metal compounds within the material. 

9.2.4 Impregnation 

Due to the ease of preparation, impregnation is one of the most commonly used 
techniques to fabricate catalysts. High-surface-area carbon black can be 
impregnated with catalyst precursors by mixing the two in an aqueous solution 

[15] . Other methods of impregnating a substrate involve depositing an aliquot of 
solution containing the catalyst precursor onto a substrate and allowing it to air dry 

[16] . Following the impregnation step, a reduction step is required to reduce the 
catalyst precursor to its metallic state. As reduction occurs after the impregnation 
step, the nature of the support plays a crucial role in controlling particle size [17]. 
Common liquid phase reducing agents are Na 2 S 2 0 3 , NaBH 4 , Na 4 S 2 0 5 , N 2 H 4 , and 
formic acid. H 2 is the predominant gas phase reducing agent. 

The most common platinum precursors used for impregnation are chloride 
salts; however, it has been argued that the metal chloride salts might lead to 
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chloride poisoning, which could affect the catalytic activity of the particles [18]. 
To avoid chlorine poisoning, metal sulfite salts, metal carbonyl complexes, and 
metal nitrate salts have been used instead [17]. Metal carbonyl complexes are 
particularly attractive as precursors since they can easily be made by direct 
oxidation of the metal chloride salt with carbon monoxide. Additionally, an 
external reducing agent is not required, as nanoparticles can then be formed by 
thermal decomposition of the metal carbonyl complexes impregnated onto carbon 
supports [4, 19]. When forming PtRu alloys, care must be taken during the 
decomposition process since Ru carbonyl decomposition is more favorable than Pt 
carbonyl decomposition, resulting in Ru-rich products [17]. Using a single-source 
precursor, a single compound that contains both metals, can overcome this 
problem. 

Experimental factors, such as reduction temperature, can significantly influence 
the morphology of the catalyst. For example, (q-C 2 FLj)(Cl)Pt(pCl) 2 Ru(Cl)(r| 3 ,r| 3 - 
Ci 0 Hi 6 ) reduced under hydrogen or argon at 400 °C gave 2.5 ± 1 nm particles, 
while reduction temperatures of 650 °C gave 5 ± 3 nm particles [20]. The 
impregnation technique is a comparatively green method to synthesize catalysts; 
reduction reactions occur either at low or room temperatures, minimizing energy 
consumption, and organic solvents are avoided by using aqueous media. 
Drawbacks of the impregnation technique are related to using liquid solutions as 
the processing medium. In solution, particles can easily agglomerate. Furthermore, 
the high surface tension of liquid solutions can cause fragile supports, such as 
aerogels, to collapse [21]. 

9.2.5 Microemulsions 

The use of microemulsions or reversed micelles to synthesize nanosized particles 
has been explored for almost twenty years [22, 23]. Microemulsion techniques 
have been used for the synthesis of semiconductor, metal, and alloy nanocrystals. 
Much work has been done on producing Cu and Ag nanocrystals [22, 24-26]. 
More recent work has also been devoted to the synthesis of Pt and PtRu 
nanoparticles for the use of potential fuel cell catalysts and their electrochemical 
characterization [27, 28]. At high water concentrations an emulsion consists of 
small oil droplets surrounded by surfactants in a continuous water phase, and vice 
versa, at high oil concentrations an emulsion consists of small water droplets 
surrounded by surfactants in a continuous oil phase. Since most metal precursors 
are inorganic salts they are soluble in water, not in oil. Therefore, emulsions with 
high oil concentrations and low water concentrations are used almost exclusively. 
Reverse micelles are water-in-oil droplets stabilized by a surfactant. A very 
commonly used surfactant is sodium 2 bis (2-ethylhexyl)sulfosuccinate 
(Na(AOT)). A schematic of a reversed micelle using a Na '-ion (AOT) surfactant is 
shown in Figure 9.1. Alkylthiols (C n SH), -amines (C n NH 2 ), and -isocyanides are 
examples of other stabilizers that have also been used to make microemulsions. 
The droplets are displaced randomly in solution and are subject to Brownian 
motion. They exchange their water content and re-form into distinct micelles. The 
size of the water-in-oil droplets likely increases with increasing water content. The 
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droplet size, i.e., resulting particle size, can also be influenced by the chain length 
of the stabilizer. 



Figure 9.1. Schematic of a reversed micelle formed using Na + -AOT as surfactant ion. 
(Reprinted with permission from O.A. El Seoud, Acidities and basicity in reversed micellar 
systems, in Reverse Micelles. Biological and Technological Relevance of Amphiphilic 
Structures in Apolar Media, edited by P.L. Luisi and B.E. Straub, Plenum Press, New York 
and London, 1984, figure on p.86.) 

In order to obtain the catalyst nanoparticles, the metal salt is reduced by adding 
a reducing agent into the microemulsion system. Another approach is to mix the 
microemulsion system that contains a reducing agent with a microemulsion system 
that contains the metal salt [17, 29]. Once the nanocatalysts are formed they can be 
deposited onto a support, which is done by adding a solvent like tetrahydrofuran 
(THF) in conjunction with the support powder to the microemulsion [29]. The 
solvent destabilizes the microemulsion by competing with the surfactant to adsorb 
onto the particles, and in the destabilized system the particles will adsorb onto the 
support. However, Pt and PtRu catalysts formed using the microemulsion 
technique have also been directly deposited onto carbon blacks such as Vulcan 
XC72 by simply mixing and stirring the emulsion with the support, i.e., without the 
need of an emulsion-breaking solvent [27, 28]. After deposition, residual surfactant 
molecules are typically removed by heat treatment [17]. Emulsion systems are very 
sensitive to temperature and therefore the oil and surfactant must be carefully 
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selected [29]. Unfortunately, catalyst fabrication by microemulsion is costly since 
expensive surfactants and oils are needed. Furthermore, both the surfactants and 
the oils can have a negative environmental impact. 

Size control with microemulsions appears more complicated than preliminary 
research indicated. Originally, the water droplets containing dissolved metal salts 
stabilized by a surfactant were often described as a “micro-reactor” or “nano-cage” 
[30]. Since the reduction is confined within the nanoscaled microemulsion it was 
originally believed that catalyst size is exclusively controlled by the size of the 
water droplets in the microemulsion [17]. Flowever, it has been found that particle 
size is a more complicated phenomenon involving the nature of the reducing agent 
as well as the size of the water droplets in the microemulsion [29]. Small particles 
are formed by fast nucleation caused by a fast or efficient reducing agent [29]. 
Flydrazine is an example of a fast reducing agent, while dihydrogen gas is a 
relatively slow reducing agent. 

The size of the water droplet is influenced by the ratio of water to surfactant 
and the surfactant concentration (at fixed water/oil ratios). As the ratio of water to 
surfactant increases, the size of the water droplet increases and consequently, the 
catalyst size also increases. Flowever, a maximum particle size is reached and 
further increasing the water-to-surfactant ratio has no effect on catalyst size [27, 
28, 31]. For example, in a microemulsion system of water/u-heptane with the 
surfactant sodium dioctyl sulfosuccinate the Pt-Ru particle size increases from 2.4 
± 0.1 to 3.2 ± 0.1 nm when the ratio of water to sodium dioctyl sulfosuccinate 
increases from 4 to 8 [28]. However, increasing the water-to-dioctyl-sulfosuccinate 
ratio to 10 does not result in any further increase in catalyst size [28]. Droplet size 
can also be controlled by vaiying the surfactant concentration while keeping the 
concentrations of water and oil constant. For example, increasing the surfactant 
concentration, with constant water and oil concentrations, increases the number of 
droplets. As a result, droplet size decreases, resulting in fewer metal ions per 
droplet and a consequently decreased particle size. 

Droplet size, however, does not directly or absolutely control particle size. For 
example, it was estimated that there are five PtCI,, 2 ions in each water droplet in 
the microemulsion system of water in hexane, stabilized by the surfactant 
pentaethyleneglycol dodecylether [29, 32]. However, TEM analysis indicated that 
the platinum catalyst formed had an average diameter of 3.5 nm, which 
corresponds to 100-1500 metal atoms (depending on the shape of the particle). 
This example illustrates that the final particle is not formed inside the droplet. It is 
likely that the formation of catalysts via the microemulsion process proceeds by 
two steps: (1) nucleation of the metal catalyst inside the droplet, followed by (2) 
aggregation of multiple nuclei via collision and coalescence of droplets to form the 
final nanocatalysts [29]. 

9.2.6 Electrochemical 

Electrochemical deposition has been used to deposit Pt and Pt-based nanoparticles 
on a wide variety of substrates, including glassy carbon [33], highly ordered 
pyrolytic graphite (HOPG) [34, 35], carbon black inside Nafion [36], carbon 
nanotubes [37], and PAN-based carbon fibers [38]. A number of papers also 
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discuss the preparation of Ru nanoparticles onto Pt single crystals, mainly Pt(lll). 
These were made as model catalyst systems for methanol and CO oxidation [39, 
40]. Electrochemical deposition occurs at the interface of an electronically 
conductive substrate and an electrolyte solution containing the salt of the metal to 
be deposited. There are five stages to electrochemical deposition of metals [41, 
42]: (1) transport of metal ions in solution to the electrode surface, (2) electron 
transfer, (3) formation of metal ad-atoms via adsorption, (4) nucleation and growth, 
two- or three-dimensional, of metal particles, and (5) growth of the three- 
dimensional bulk metal phase. If the growth process is stopped after the fourth 
step, then nanosized catalysts are produced. If, however, the particles are allowed 
to grow, then the end result is the formation of metal films. 

Deposition occurs by supplying the substrate, called the working electrode, 
with a sufficient potential to reduce the metal salt to its zero valent state: 

M z+ + ze~ M° (9.5) 

The substrate is therefore immersed in a metal salt solution, usually containing 
a supporting electrolyte to decrease the resistivity of the solution. The cathode, 
where the oxidation reaction occurs, and a reference electrode, used for potential 
control, are also immersed in the solution. If the binding energy of the metal ad¬ 
atom to the substrate is lower than the binding energy of the metal ad-atom to itself 
then 3D growth of the nuclei occurs. Conversely, if the binding energy of the metal 
ad-atom to the substrate is higher than the binding energy of the metal ad-atom to 
itself then 2D growth of the nuclei occurs. 2D and 3D growth can also be 
controlled by utilizing underpotential deposition (UPD) and overpotential 
deposition (OPD), respectively; UPD refers to deposition initiated at a potential 
more positive than the reversible potential of the M/M z+ metal ion electrode, while 
OPD occurs at a potential more negative than the reversible potential [33]. 
Electrodeposition also has the potential to deposit nanosized catalysts without the 
use of stabilizers, as discussed in Section 9.3.3. 

9.2.7 Spray Pyrolysis 

The experimental procedure of spray pyrolysis is simple. First, an aqueous solution 
containing the metal precursor is atomized into a carrier gas that is passed through 
a furnace. Second, the atomized precursor solution deposits onto a substrate, where 
it reacts and forms the final product [43]. The process has many advantages 
compared to other metal-forming techniques [44]: (1) it is very easy to dope films 
or form alloys in any proportion by manipulating the spray solution; (2) neither 
high-purity targets and substrates nor vacuum set-ups are required; (3) deposition 
rates and therefore film thickness can easily be controlled by controlling the spray 
parameters; (4) moderate operation temperatures (100-500 °C) allow for 
deposition on temperature-sensitive substrates and ensure that the overall process is 
less energy intensive; (5) the technique has relatively limited environmental impact 
since aqueous precursor solutions can be used; and (6) the process is scalable, with 
production rates as high as 1.1 kg/h [45]. 
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Ultrasonic nebulizers [44] can be used to form micrometer- and 
submicrometer-sized droplets. Droplets formed by ultrasonic waves have very 
small sizes and size distributions. To deposit the droplets onto a substrate the 
aerosol is transported to the heated substrate, where the solvent vaporizes. A 
heterogeneous reaction occurs that leads to the formation of thin solid films. The 
spray jet can be scanned continuously to coat a large area. To form nanoparticles 
the aerosol is pyrolyzed. To improve the deposition efficiency, the ratio of atoms 
effectively deposited to those supplied, a corona discharge is used to control the 
transport of aerosol droplets towards the substrate [44]. Electrostatic spray 
pyrolysis is another method used to control the transportation of the atomized 
precursor solution from the atomizer to the substrate. It is accomplished by 
applying a positive voltage, lip to 12.5 kV, to the spray nozzle, forming a positively 
charged spray. Electrostatic forces guide the spray to the hot substrate where 
pyrolysis takes place. 

Although spray pyrolysis is usually used to form thin films of metals it can also 
be used to form nanoparticles. Pt-Ru/C catalysts have been formed by spray 
pyrolysis using H 2 PtCl 6 and RuC 1 3 as the precursors, dissolved in an aqueous 
solution containing carbon black and various molecular lengths of polyethylene 
glycol (PEG). Once atomized, the droplets of precursor solution in the carrier gas 
were passed through a quartz tube that was heated to 180 °C by a tube furnace. The 
solvent evaporation and precursor decomposition resulted in nanoparticles forming 
on the carbon black. Interestingly, PEG plays an integral role in particle stability 
against agglomeration. If the PEG chain is too short (PEG with average molecular 
weight 200 g moE 1 PEG200) the Pt-Ru particles agglomerate. If the PEG chain is 
too long, e.g., PEG1000, the PEG molecules aggregate and do not protect the 
particles from agglomeration. However, at intermediate PEG length, PEG600, the 
precursors mix well with the polymer and agglomeration is prevented. 

9.2.8 Vapor Deposition 

9.2.8.1 Chemical Vapor Deposition (CVD) 

CVD is an ideal method for forming thin metal films. Furthermore, film growth 
can potentially be controlled mono-layer by mono-layer using atomic layer 
deposition, a specific type of CVD. A typical CVD process [46] begins by 
vaporizing the precursor, an inorganic compound containing the desired metal(s). 
The substrate is placed in a reaction chamber into which the vaporized precursor, 
mixed with a carrier gas and any other gaseous reactants, is introduced. The 
precursors diffuse or are carried to and adsorb onto the substrate surface where 
they decompose thermally, forming the metallic film. The precursor is designed to 
ensure that any reaction by-products are gaseous and desorb into the gas phase. 
Metal alloys can be fabricated by CVD when a heterometallic precursor is used. 
Heterometallic (single-source) precursors typically have ligands which contain a 
second metal atom connected to the central metal atom. Using a single-source 
precursor (that remains coordinated in the vapor phase) allows for precise control 
of the ratio of the two metals. [CpRu(r) 5 -C 5 H 3 CH 2 NMe 2 )Pt(hfac)] (see Figure 9.2) 
is an example of a single-source precursor that has been used to make Pt/Ru and 
Pt/RuCb films to be tested for fuel cell catalysts [48]. The Pt/Ru stoichiometry of 
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this single source precursor is 1:1. This structure has been specifically synthesized, 
as it has sufficient volatility and good stability at low temperatures. 



Figure 9.2. Drawing of a single source precursor for CVD [47]. (Reprinted with pennission 
from Huang SF, Chi Y, Bock C, MacDougall B, Carty A. Preparation of the Ru-Pt alloyed 
thin-films by chemical vapor deposition using single source precursor. Chem Vap Dep 
2003;3:9; Figure 1.) 

CVD is typically used to form thin films but it can also be used to make 
nanoparticles. Pt-Ru particles 2 nm in diameter have been formed by vapor 
deposition using commercially available single metal precursors, namely 
platinum(II)-acetylacetonate and nithenium(III)-acetylacetonate [48]. The 
precursors were adsorbed onto carbon black by sublimation and subsequently 
decomposed at 320 °C in H 2 or N 2 . While particle size was virtually independent of 
sublimation temperature, the Pt:Ru ratio decreased as sublimation temperature 
increased from 170 to 240 °C. A maximal Pt:Ru ratio, equaling the Pt:Ru ratio of 
the precursor salts, was reached at 220 °C. The composition is affected by the 
sublimation temperature, as the vapor pressures of the two precursors are 
influenced by the sublimation temperature. This example illustrates how the vapor 
pressure of the precursors can act as a limitation upon CVD alloy formation [21]. 
CVD is also limited by processing temperature and mass-transfer kinetics [21]. 
One final disadvantage of CVD to note is that precursors can be highly toxic and 
therefore difficult to work with [49]. 

9.2.8.2 Physical Vapor Deposition (PVD) 

Mechanical methods, such as cathodic sputtering, and thermal methods, like 
evaporation, are grouped together under the term physical vapor deposition [50]. 
All PVD experiments have four essential components: (1) they occur in vacuum, 
they have (2) a source to supply the material, called a target, (3) a substrate on 
which the film is deposited, and (4) an energy supply to transport the material from 
the source to the substrate. The types of PVD vary in how energy is imparted to the 
particles and how the energized particles are transported to the substrate. 
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Evaporation PVD occurs by heating the material to be deposited. Under 
vacuum a molecular beam of the catalyst material is formed thermally. In a 
molecular beam, atoms and molecules move in a well-defined direction without 
colliding [51]. When the system is oil-free and the substrate is atomically clean 
before deposition, molecular beam epitaxial (MBE) deposition is possible. 
Depositing alloys is difficult with evaporation PVD, since the vapor pressures of 
the various elements may be different and therefore the deposited film becomes 
richer in the less volatile species [51]. 

Cathodic sputtering occurs by generating a plasma between the substrate and a 
target, the target being made of the material to be deposited. The target acts as the 
cathode, emitting atoms to the substrate, which acts as the anode. Nickel coatings 
were developed as the anode for protonic ceramic fuel cells (PCFCs) based on 
BaCe 0 . 9 Y 01 O 3 as the electrolyte [51]. By utilizing a pulsed cathodic sputtering 
technique, the microstructure and adhesion of the thin film anode to the ceramic 
electrolyte were optimized, leading to higher-quality anodes and therefore longer 
stack life of the fuel cell. The main disadvantage associated with cathodic 
sputtering is low deposition rates. 52 Sputter deposition has been frequently applied 
to make Pt based catalysts. Systems with multiple targets consisting of different 
metals have been used to prepare and screen a large range of binary, ternary and 
quaternary catalysts of broad composition range. 

9.2.9 High-energy Ball Milling 

High-energy ball-milling is a mechanical alloying process and a method of 
grinding and mixing materials in the absence or presence of a liquid. The milling is 
done in a rotating cylinder or conical mill using balls or pebbles; typically, a 
powdered catalyst is prepared. Ball-milling is an interesting technique that has the 
potential to extend the solubility limit of one element into the other, alloy difficult 
elements, make alloys of defined grain size down to the nanometer range, and 
synthesize new crystalline and quasi-crystalline phases. Ball-milling has been used 
to prepare CO-tolerant fuel cell catalysts [53-55]. Catalyst precursors can be 
prepared by milling together, e.g., Pt and Ru metal powders, a dispersing agent, 
and often a process control agent. It is also possible to at least partially reduce 
metal-oxide precursors when milling in a reducing (H 2 -containing) atmosphere. 
Typical fuel cell catalysts that have been prepared by ball-milling are unsupported 
Pt and PtRu alloy powders. BET catalyst surface areas in the range of 10 to 40 
nrg 1 of catalyst have been made using ball-milling [55]. After ball-milling, the 
powdered samples contain “impurities”, namely the dispersing and process 
controlling agent, and typically also parts of the mill equipment (i.e., from the 
vials, balls, and pebbles). Tungsten carbide (WC) balls and vials are often used in 
ball-mill equipment to make fuel cell catalysts. Aluminum is a typical dispersing 
agent. Attempts have been made to leach the A1 after milling in 1 M NaOH 
solutions. However, PtAl alloys may be formed that potentially have a beneficial 
catalytic effect. Typical process control agents (PCAs) used in ball-milling are 
organic compounds such as stearic acid, hexane, oxalic acid, and polyvinyl 
pyridine. The PCAs act as surface active agents, interfering with the solid by 
lowering the surface tension. Organic PCAs typically decompose during ball- 
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milling and are incorporated into the catalyst as carbides and oxides. Hence, 
inorganic PCAs have been tested [55]. Denis et al. [56] found the most promising 
PCAs to be NaF and MgH 2 ; the last has the dual function of acting as a PCA as 
well as a dispersing agent [55]. MgH 2 partially decomposes during milling, 
releasing H 2 , and perhaps forms metallic Mg that may be incorporated into the 
catalyst lattice. 


9.3 Particle Size and Shape Control 

A major breakthrough in PEMFC technology was achieved decades ago when the 
concept of supported catalysts was introduced. This allowed for the better 
distribution and hence better utilization of expensive noble metal catalysts. Pt was 
supported on carbon black, as shown in the example of a commercially available 
catalyst in Figure 9.3 [56]. A substantial gain in supporting the noble metal 
catalysts is, of course, the increase in the ratio of surface atoms to bulk atoms. 
However, as early work showed, a smaller catalyst size does not yield a higher 
activity [57-59]. In fact, the activity for many reactions shows a maximum at a 
particular particle size. A number of possible explanations have been put forward 
to explain the particle size effect [57-59]. One of them discusses the importance of 
crystal phases for catalytic reactions, as shown in Figure 9.4 [59]. Hence, the 
synthesis of catalysts of particular sizes and shapes has attracted a significant 
amount of interest for fundamental studies as well as practical applications. 
Achievements in these areas are discussed in this section. 



Figure 9.3. TEM images of 40 wt% Pt catalyst supported on carbon (Pt/C) [56], 
(Reproduced by permission of ECS—The Electrochemical Society, from He C, Desai S, 
Brown G, Bollepalli S.) 
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Figure 9.4. Calculated mass averaged distribution (MAD, Figure 9.4(a)) and calculated 
surface-averaged distribution (SAD, Figure 9.4(b)) for edge (e) and corner (c) sites, and 100 
and ill crystal planes for cubo-octahedral Pt as a function of the particle size [59], 
(Reproduced by permission of ECS—The Electrochemical Society, from Kinoshita K, 
Particle size effects for oxygen reduction on highly dispersed platinum in acid electrolytes.) 
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9.3.1 Mechanism for Size Control Using Colloidal Synthesis Methods 

Chemical methods, specifically colloidal synthesis methods, are discussed in this 
section because of their simplicity for preparing catalysts on a large scale. 
Furthermore, colloidal synthesis methods offer the benefit of forming nanosized 
catalysts of controlled size and composition in a simple manner. Stabilizers can be 
selected so as to provide minimal blockage of the catalyst surface, as discussed 
below. It should be noted that the substrate, used for subsequent deposition of the 
prepared colloids, may affect the final catalyst particle size. Flowever, this seems to 
be dependent on the synthesis method used, as well as the catalyst composition and 
catalyst loading on the substrate. For example, it has been found that Pt/Ru colloids 
could be deposited onto carbon blacks without loss of catalyst surface area per 
weight of catalyst, up to high weight percentages [60]. Flowever, using the same 
synthesis method, the final particle size of mono-metallic Pt particles showed a 
dependence on the weight percentage of catalyst per weight of carbon [61]. 

9.3.1.1 Pt-sols Made Using Organic Stabilizers 

Being able to synthesize fuel cell catalysts in the 1 to 5 nm range, i.e., the size 
range of interest in practical fuel cell catalysis, in a controlled manner is very 
important. In the case of the reduction of 0 2 (ORR), Pt particles in the 3.5 to 4 nm 
size range are believed to be the most active catalysts, while for bi-metallic Pt/Ru 
catalysts the optimal size range appears to be in the range of 2.5 nm. Colloidal 
methods provide an excellent method to control particle size via multiple factors, 
such as the concentration of the metal precursor salts, the stabilizing agent, and the 
synthesis temperature. In many cases, the prepared colloids can be deposited onto a 
suitable substrate. Preferably, the stabilizer molecule is removed after deposition, 
as otherwise fuel access to the catalyst surface is hindered. This is of particular 
concern when large stabilizer molecules are used. The synthesis of Pt and other 
noble metal colloids has been explored for many years. A wide range of methods 
to prepare Au-sols was published in 1951 by Turkevich et al. [62] (where 
references to earlier metal sol preparation can also be found). Pt-sols have, for 
example, been prepared in aqueous solutions using citrate as a reducing agent and 
stabilizer [63]. The stabilizer adsorbs on the surface of the Pt nuclei and prevents 
them from agglomerating. Many factors influence the resulting particle size and 
size distribution, such as the rate of Pt reduction and the rate at which the stabilizer 
interacts with the Pt atoms. The Pt reduction rate depends on the temperature and 
the Pt-precursor as well as the concentration and strength of the reducing agent. 
The resulting particle size depends on the relative concentrations of nuclei and 
citrate, adsorption strength, and steric hindrance to avoid further growth. Stable, 
mono-metallic Pt particles in the size range of 1.6 to 3 nm have been prepared in a 
reproducible manner by reducing FFPtCf using citrate. Other sizes of Pt-sol have 
been prepared by changing the reaction temperature, and the concentrations of the 
Pt precursor salt and sodium citrate. An important factor in stabilizing the metal 
colloids is the pFI of the solution. For example, the pK a for step 3 of citric acid is 
6.4 [64]. The anionic form, citrate, is the effective stabilizer; hence, the pFI of the 
synthesis solution needs to be kept sufficiently high to ensure that the anionic form 
is present. 
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9.3.1.2 Modified Polyol Methods 

The principle of colloidal synthesis has been widely applied to a number of metals, 
stabilizers, and reducing agents. The synthesis of high surface area catalysts in 
ethylene glycol, referred to as the polyol method, has been widely applied. The 
ethylene glycol method has been used to make Pt and Pt/Ru black catalysts, and Pt 
and Pt/Ru catalysts on carbon black [65-67]. Wang et al. used the polyol method to 
prepare mono-metallic Pt and Ru colloids [66], They suggested that the size of the 
Pt and Ru colloids can be controlled by the addition of H 2 0 to the synthesis 
solution. The polyol method is very attractive as it provides a straightforward, 
“inexpensive” catalyst synthesis method of low toxicity. In the polyol method 
ethylene glycol acts as solvent and reducing agent. Ethylene glycol (A) can be 
oxidized via two pathways [67]: 
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It has been shown that both reactions take place for the synthesis of Pt/Ru colloids. 
It has also been shown that a large amount of glycolic acid (D) is formed and this 
is believed to act as a stabilizer for the Pt/Ru colloids. Depending on the solution 
pH, this molecule is present either as the anion, glycolate, or as glycolic acid. 
Similar to the synthesis of Pt-sols from H 2 PtCf, using citrate as reducing agent and 
stabilizer, the Pt-Ru particle size can be adjusted by adjusting the synthesis 
solution pH. This is shown in Figure 9.5 for the example of Pt/Ru colloids that 
were deposited on Vulcan XC72. The synthesis solution pH was adjusted by 
adding different amounts of NaOH. Other advantages of this method are that the 
stabilizer molecule can be removed at low temperatures (< 160 °C) without 
changing the properties of the Pt/Ru catalysts (the importance of this is further 
discussed in Section 9.4.1.1), and that high-loading catalysts can be prepared 
without loss of surface area per mass of catalyst [60]. 
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Figure 9.5. Control of Pt-Ru/C particle size via the synthesis solution pH using a modified 
polyol method [67]. (Reprinted with permission from J. Am. Chem. Soc., 2004, 126 (25), 
8028, Figure 2. Copyright 2004 American Chemical Society.) 

9.3.1.3 The Boennemann Synthesis Method 

Much work has been carried out using the Boennemann synthesis method for the 
preparation of fuel cell catalysts [68], In this synthesis, mono- and bi-metallic 
colloidal catalysts are formed by starting with the corresponding metal precursor 
salts that are then dissolved in tetrahydrofuran (THF), according to Equation 9.8. 
Tetraoctylammoniumtriethylhydroborate, N(Oct) 4 [BEt 3 H], is utilized as reducing 
agent and stabilizer at the same time [67]: 

PtCl 2 + 2N(Oct) 4 [BEt 3 H] ™ /Ar g° n - > Pt [N( Oct) 4 Cl]., + 2BEt 3 + H 2 (9.8) 


A number of fuel cell catalysts have been synthesized in this manner, such as Pt 
colloids, Pt/Sn colloids, and Pt/Ru colloids of different Pt to Ru ratios. A drawback 
of the Boennemann synthesis method is that oxidative removal of the stabilizer 
molecule requires temperatures higher than 300 °C [69]. High-temperature 
treatment of Pt-based catalysts should be avoided as changes in the structure, 
namely preferential surface segregation of Pt or R 11 O 2 , typically take place (this is 
further discussed in Section 9.4.1). To the best of our knowledge the Boennemann 
method has not been used to make catalysts of the same composition but different 
sizes. 

9.3.1.4 Other Methods 

More recently, a method utilizing different amounts of a large stabilizer has been 
reported to make Pt and Pt/Ru catalysts of controlled size [70]. The catalysts were 
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formed from metal-acetylacetonate precursors reduced by polyalcohols. 
Oleylamine was used as the stabilizer and the resulting particle size was controlled 
in the size range of 3.5 to 6.5 nm Pt/Ru, utilizing different amounts of the 
stabilizer. The work discussed the removal of the stabilizer by a repeated washing 
and dispersing of the colloids in tetramethylammoniumhydroxide (TMAOH). The 
colloids were reported to be electrostatically stabilized in the TMAOH solution. 

9.3.2 Size Control Using Electrochemical Methods 

Formation of fuel cell catalysts using electrochemical methods may not be as 
attractive for the preparation of large-scale catalysts as, for example, chemical 
methods. However, electrochemical methods provide advantages over other 
synthesis methods that make them interesting methods for the preparation of 
“model” catalysts. Electrochemical deposition offers the advantages that (1) 
stabilizers and/or capping agents, which should be avoided since residues of 
stabilizers likely influence the catalytic activity of the nanoparticles, are not 
required and (2) the particle size can be controlled by varying the length and the 
amplitude of the potential pulse. The nuclei density can be increased by 
electrodepositing at a large overpotential [35]. However, increasing the 
overpotential may result in other reactions occurring in addition to the metal 
reduction, i.e., hydrogen adsorption and evolution [52], If metal reduction is not 
the only process occurring then it is not possible to extract valuable information, 
such as the type of nucleation or the amount of platinum deposited, from current¬ 
time transients. 

Platinum nanocatalysts have been electrochemically deposited onto highly 
ordered pyrolytic graphite (HOPG) from an aqueous H 2 PtCl 6 solution containing 
HC1 as the supporting electrolyte. The catalyst size was varied by varying the time 
the deposition potential was applied: 10 ms deposition time generated particles 2.5 
± 0.9 nm in height and 100 ms deposition time generated particles 7.2 ± 3.2 nm in 
height [34]. The large increase in size distribution indicates that the nucleation is 
progressive, i.e., the number of nuclei increases with deposition time. Ideally the 
deposition process occurs in an instantaneous fashion, that is, the number of nuclei 
is constant and equal to that at time t = 0 of the deposition process. Assuming that 
all the nuclei grow at the same rate, instantaneous nucleation results in mono-sized 
particles and is therefore preferable in fabricating nanocatalysts of a specific size. 
It has been shown that increasing the deposition overpotential or increasing the 
electrolyte conductivity (using chloride, sulfate, and perchlorate anions) causes a 
shift from progressive to instantaneous nucleation [35]. 

9.3.3 Assistance of Templates and Template Preparation 

9.3.3.1 Preparation of Mesoporous Catalyst Films 

Preparation and control of the size and structure of fuel cell catalysts in the nano¬ 
size range using templates synthesis methods has attracted some attention. The best 
known synthesis method is probably the deposition of metal films from lyotropic 
liquid crystalline mixtures developed to by Phil Bartlett’s group [71-73]. They 
have used the method to deposit films of Pt, Pt/Ru alloys, and other metals. 
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consisting of regular arrays of cylindrical pores at the nanometre scale. The Pt 
films prepared showed a similar area as Pt blacks, i.e., in the 20 nrg 1 range [71]. 
In this method, the metal is electrodeposited from a solution that contains a non¬ 
ionic surfactant such as octaethyleneglycol monohexadecyl ether or 
octaethyleneglycol monododecyl ether and a metal deposition salt, e.g., H 2 PtCl 6 . 
The resulting film structure is influenced by the chain length of the surfactant as 
well as the deposition conditions such as the potential and electrode size [72]. In 
the case of Pt, the electrodeposition is complicated. Two reduction reactions can 
take place, as follows: 

PtCl 6 2- + 2e" PtCl 4 2 ' + 2CT E°: 0.726 V vs. NHE (9.9) 

PtCl 4 2 " + 2e" -> Pt + 4CT E°: 0.758 V vs. NHE (9.10) 

Furthermore, the Pt 21 in the PtCl 4 2 " compound is not stable and dissociates into Pt 
and Pt 4+ ; i.e., a competitive reaction with Equation 9.10 may take place. Depending 
on the electrode size, Pt films of different roughness factors (surface areas) are 
formed. It has been suggested this is due to different diffusion rates of Pt 21 away 
from the electrode surface. The roughness and order of the resulting films is also 
influenced by the deposition potential, particularly when other processes such as 
H 2 evolution also take place. Rougher and less ordered films are obtained in the 
latter case. 



Figure 9.6. Schematic description of the preparation procedure of the model electrodes by 
deposition and postprocessing of Pt-salt micelles, (a) Preparation of the inverse micelles, (b) 
Pt salt loading, (c) deposition on the glassy carbon substrate by dip coating, and (d) removal 
of the polymer stabilizer shell and reduction of the Pt-salt core in an oxygen plasma and 
subsequent reduction in a H 2 atmosphere [74], (Reprinted with permission from Langmuir, 
2007, 23, 5795, Figure 1. Copyright 2007 American Chemical Society.) 
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Reverse micelles or water-in-oil emulsions have also been used to make quasi 
2-D films of Pt on glassy carbon substrates [74]. Homogeneously distributed Pt 
nanoparticles of defined size (25 ± 5 nm) and a defined average particle separation 
of 40 ± 10 nm were made. The steps involved in the process are illustrated in 
Figure 9.6. First, the micelles were formed by dispersing polystyrene (PS)-poly(2- 
vinylpyridine) (P2VP) in dry toluene for one week; subsequently the Pt-precursor 
salt was added. The emulsion was stirred for another week, prior to dip coating a 
glassy carbon substrate. The polymeric shell was decomposed in oxygen plasma, 
while reduction to Pt-metal was carried out by annealing in H 2 . It was essential to 
anneal the self-assembled Pt-particles in H 2 . Pt films studied after the oxygen- 
plasma treatment were not stable during electrochemical studies, namely the 
electrochemical oxidation of adsorbed CO. They appeared to have dissolved. 

9.3.3.2 Preparation of Macroporous Catalyst Films 

Other approaches for the electrodeposition of structured Pt based films involved 
polystyrene spheres that were pre-self-assembled on the substrate prior to 
deposition. The film thickness and pore volume can be varied by using different 
diameters of polystyrene spheres. 3D nano-network structures were made in this 
manner. Both the lyotropic liquid template and the self-assembled polystyrene 
template method have been employed to form Pt and “PtRu alloy” films [75, 76]. 
An example of a macroporous Pt-based film made using polystyrene spheres is 
shown in Figure 9.7. 



Figure 9.7. Scanning electron micrographs of macroporous platinum and cobalt films that 
were electrochemically deposited through polystyrene latex spheres preassembled on gold 
electrode surfaces. Figures 9.7 (a) and (b) show formed cobalt films, while Figures 9.7 (c) 
and (d) show formed Pt films [75], (Bartlett PN, Birkin PR, Ghanem MA, Electrochemical 
deposition of macroporous platinum, palladium and cobalt films using polystyrene latex 
sphere templates, Chem Commun 2000; 17:1671; Figure 1. Reproduced by permission of 
The Royal Society of Chemistry.) 
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9.3.3.3 Nano-structuring Substrates for Nanoparticle Deposition 
Substrates themselves can also be nanostmctured prior to the deposition of Pt- 
based nanocatalysts. Ordered nano-pits were introduced onto HOPG surfaces by 
oxidation with ozone at 300 °C [77, 78]. The nanostmctured HOPG surfaces were 
subsequently used as substrates for the deposition of Pt nanoparticles by either 
electrochemical or thermal decomposition. Pt nanoparticles in the 2-3 nm size 
range were formed in this manner. For both deposition methods, electrochemical 
and thermal, the pits acted as nucleation sites for Pt deposition. The nucleation 
process was shown to be more reproducible as well as shifting to instantaneous 
rather than progressive nucleation in the case of Pt electrodeposition onto the 
nanostmctured vs. the smooth, freshly cleaved HOPG substrates. 



Figure 9.8. Reduced variable plots of electrochemical reduction of Pt metal onto (a) freshly 
cleaved, and (b) 0 3 oxidized (0.15 ppm 0 3 , 300 °C) HOPG. The solid lines represent 
experimental data. The long and short dashed lines represent theoretical curves for 
instantaneous and progressive nucleation, respectively [78], (Reproduced by pennission of 
ECS—The Electrochemical Society, from Halvorsen H, Bock C, MacDougall B, Wang D, 
Potentiostatic deposition of platinum clusters onto freshly cleaved and ozone oxidized 
highly ordered pyrolytic graphite.) 
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This is shown in Figure 9.8(a) and (b) using non-dimensional plots for the Pt 
electrodeposition. The pits also stabilized the Pt nanoparticles prepared by thermal 
decomposition, and electrochemical measurements such as oxidative stripping of 
adsorbed CO could be carried out without measurably changing the Pt 
nanoparticles. Fundamentally different Pt particles were made, depending on the 
method, as indicated by large differences in the oxidation reaction of adsorbed CO, 
thus showing the importance of this method for fabricating “model” catalysts. The 
idea of forming Pt nanoparticles on FIOPG surfaces was based on work reported by 
Savinova et al. [80]. In a series of papers, it was reported that Pt nanoparticles 
could be formed on glassy carbon substrates that were roughened by 
electrochemical pre-oxidation treatment. Pt nanoparticles of different average sizes 
were formed by first creating Pt nanoparticles on the substrates by thermal 
decomposition of a K 2 PtCl 6 precursor salt. Subsequently, the Pt nanoparticles were 
enlarged by electrochemical growth in Pt-salt solutions. The smallest size of Pt 
particles formed in their work was 1.7 ± 0.5 nm and the largest was 3.1 ± 1.2 nm. 

9.3.4 Shape Control 

The synthesis of Pt and PtRu catalysts of particular shapes via the colloidal route 
has also attracted some attention. Colloidal methods have been tailored to allow for 
catalyst shape control. Minimal work has been done to determine the mechanism 
of shape control for platinum nanoparticles. However, a literature survey indicates 
that the reducing agent [8], the ratio of capping agent to platinum source [80], the 
identity of the capping agent [81], and the extent of particle growth [82] all 
contribute to the final shape of the nanoparticles. The reduction rate of the 
platinum salt greatly affects the shape of the Pt nuclei. Slow reduction by 
dihydrogen gas at room temperature is found to produce tetrahedral platinum 
nuclei which are enclosed with four {111} planes [80, 83-84]. The slow 
thermodynamically controlled process produces the shape that has the lowest 
surface energy. Equal growth rates for the {111} and {100} planes are caused by 
kinetic controlled growth of platinum particles. Fast reducing agents such as 
methanol tend to form truncated octahedral nuclei [8, 80]. 

Shape control is achieved if the capping agent encourages the growth of one 
crystal face over another to generate specific particle shapes. High capping agent to 
metal source ratios retain the shape of the nuclei with growth, while low capping 
agent to platinum source ratios selectively grow the {111} plane over the {100} 
plane. This is thought to be because at low ratios of capping agent to metal source 
the capping agent preferentially binds to the {100} plane, allowing preferential 
growth of the {111} plane, while at high capping agent to metal source ratios the 
capping agent binds to the {111} and {100} planes equally, therefore retaining the 
shape of the nuclei. 

A recent publication describes combining seed-mediated synthesis, capping 
agent, and diffusion-controlled growth by slow reduction as the parameters for 
simultaneously controlling the shape and size of platinum nanoparticles [83]. The 
seed was prepared by reducing H 2 PtCl(, in the presence of REWOTERIC B14 
(REWO), which acted as a stabilizer to prevent agglomeration. The resulting 
nanoparticles were 1 ± 0.2 nm. Tetrahedral Pt nanoparticles of different sizes were 
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prepared in a 10:1 polyvinylpyrolidene (PVP):K 2 PtCl 4 solution by adding 0, 2, 5, 
and 10 % seed the seed percentage being with respect to the initial Pt 41 
concentration. Particles of 8 ± 1, 5 ± 1, 2.5 ± 0.5, and 1.8 ± 0.3 nm size, 
respectively, were obtained after reduction overnight. Reduction of platinum salt 
occurs on the surfaces of the seeds, which act as nucleation centers. The high 
capping agent to platinum source ratio ensures the preservation of the particle’s 
tetrahedral shape. The slow reducing agent, H 2 , has a dual function in this 
experiment: it assists in the formation of tetrahedral nuclei and inhibits additional 
nucleation by promoting narrow size distribution. 

The question remains whether these catalysts retain their shape and/or what 
shape they will adopt during exposure to electrocatalytic reactions. 


9.4 Bi-metallic Catalysts 

For efficient FC reactions bi-metallic catalysts are essential. Only in the case of 
PEMFC anodes that operate on neat H 2 is mono-metallic low-loading Pt used. In 
the case of neat H 2 the reaction is so fast that the amount of Pt catalyst, and hence 
the cost, are not of concern. However, in the case of FCs run on methanol or 
reformate gas (H 2 and CO), bi-metallic catalysts need to be used, the most common 
choices being bi-metallic catalysts consisting of Pt/Ru. Other combinations as well 
as ternary and quaternary catalyst formulations have also been tested. In the case of 
the cathode, where 0 2 is reduced (ORR), Pt is the most commonly used catalyst. 
However, the ORR reduction kinetics are sluggish, so the amounts of Pt and hence 
the cathode catalyst costs are high. Other formulations, typically Pt catalysts in 
combination with metals from the iron group, are being considered with the goal of 
improving catalytic activities and replacing at least some of the Pt. The 
environment for both the anode and cathode reactions of PEMFCs is acidic, thus 
limiting the number of catalysts that can be used. Catalyst stability is of greater 
concern for the cathode than the anode, as in a FC the cathode operates at very 
positive potentials, enhancing corrosion of the catalyst and support. Catalyst 
sintering during operation is also a concern. To enhance the catalytic activity of the 
ORR catalysts, Pt has been alloyed with Fe, Cu, Ni, etc., and core-shell and skin- 
layer type catalysts consisting of Pt and iron group metal elements are being made 
and tested [85-90]. In the case of the core-shell catalyst, the core exists of one 
metal component that is surrounded by a skin of the active catalyst. A skin-layer 
catalyst typically starts with an alloy, from the surface of which the unstable 
component is leached. 

In this section we will focus on the preparation of Pt/Ru catalysts and Pt 
catalysts made with the iron group. Ternary and quaternary catalysts are not 
discussed specifically. However, similar principles apply to their synthesis. 

9.4.1 Synthesis of Alloy versus Two-phase Catalysts 

A challenge for the preparation of FC catalysts is the formation of catalysts that 
consist of surfaces made, at the atomic level, of homogeneously distributed catalyst 
components. Pt forms bulk alloys of a wide range of concentrations with a number 
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of metals, thus ensuring distribution on the atomic level in bulk. However, the 
make-up of the surface and the bulk can be substantially different. Experiments as 
well as theoretical studies have shown that, particularly in the case of Pt, surface 
segregation takes place [92, 93]. Experimental work dating back to 1977 has 
shown that in H 2 atmospheres Pt preferably surface segregates while the surface is 
enriched with Ru0 2 in an air/0 2 atmosphere of Pt/Ru catalysts, heat treated at 300 
°C [91]. According to the theoretical work [92], when Pt is the host lattice it 
undergoes anti-segregation, meaning Pt prefers to be on the surface. Anti¬ 
segregation of Pt is the case with the majority of other metals. The exception is the 
combination of Pt and Pd, for which very little segregation is expected. Bulk alloys 
are traditionally formed by arc-melting the metals at high temperatures; hence, 
preferential segregation of one metal on the surface takes place. In order to limit 
surface segregation, catalyst synthesis needs to be carried out at low temperatures. 
The selection of the appropriate conditions allows for the synthesis of Pt-based 
catalysts at low temperatures. Alloy formation at low temperatures has also been 
shown to be possible [2]. For example, PtRu alloy powders of close to 45 at% Ru 
dissolved in the fee Pt lattice were prepared. The key to the preparation of alloys in 
this manner is the very rapid and simultaneous reduction of the two noble metal 
precursor salts. This can be done using a large excess of strong reducing agent 
(e.g., NaBH 4 ). Synthesis of two-phase catalysts is in a sense simpler than the 
preparation of alloy catalysts, although the choice of the metal in the core vs. the 
shell will be dictated by the redox potentials of the two metal/metal-precursor salts 
and the respective reduction rates (discussed in Section 9.4.1.2). 

9.4.1.1 Alloy Formation Energies, Phase Diagrams, and Quasi Vegard’s Law 
An important consideration for the preparation of multi-component catalysts is 
their nobility, i.e., the redox potentials, rate of reaction of the precursors, and 
miscibility of the metals (thermodynamic stability). One metal must be miscible in 
the lattice of the other in order to form an alloy. Phase diagrams are readily 
available and describe the existence of bulk alloys. The formation of an alloy is 
described by the alloy formation energy. Recently the alloy formation energy, e, 
has been calculated for three cubic solution alloys (Pt,Ir), (Pt,Re), and (Pt,Ru) [93]. 
High-resolution plots of the lattice parameter vs. the atomic percentage of the 
metal dissolved in the host lattice, and cell energies as a function of the metal 
dissolved were calculated. Examples of such plots for (Pt,Ru) alloys are shown in 
Figure 9.9(a) and (b). £ was then calculated from the slope of the latter graph. 
Experimental data and theoretical calculations have shown that (Pt,Ru) and (Pt,Ir) 
alloys follow a quasi “Vegard’s law” relationship over a wide range of 
concentrations. Fundamental differences in the bulk alloy formation of (Pt,Ru) and 
(Pt,Ir) alloys were suggested according to the calculated £ values. In the case of 
(Pt,Ru), the calculated bulk alloy formation energy is exothermic while the bulk 
alloy formation energy is calculated to be endothermic for (Pt,Ir) alloys. This 
suggests that (Pt,Ru) alloy formation is thermodynamically favored and achievable 
at low temperatures, while the endothermic formation energy calculated for (Pt,Ir) 
alloys suggests that (Pt,Ir) alloy formation requires external energy, i.e., higher 
temperatures. 
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Figure 9.9. Figure 9.9(a) shows the calculated cell data vs. Ru content x for (Pt^RuJ 
system. The calculated data actually displays a very slight concavity. Figure 9.9(b) shows 
the total energy per simulation cell for Pt!_ x Ru x alloys. The data displays a slight concavity 
due to the fact that the energy of a Pt-Ru bond is very slightly lower than the average of a 
Pt-Pt and a Ru-Ru bond [93], (Reprinted from Journal of Alloys and Compounds, 422, 
LePage Y, Bock C, Rodgers JR, Small step graphs of cell data versus composition for ccp 
solid-solution binary alloys: application to the (Pt,Ir), (Pt,Re) and (Pt,Ru) systems, 164, 
Figures 2a and b, respectively, ©2006 with permission from Elsevier.) 
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9.4.1.2 One-step and Two-step Synthesis: Alloy, Skeleton, and Skin-layer Catalysts 
A one-step synthesis, i.e., the simultaneous reduction of the precursor salts, is more 
likely to result in alloy formation particularly at low temperatures. However, alloy 
formation in the bulk can be achieved by heat treating two-phase catalysts in a 
reducing environment. An example of the latter is the formation of PtCu alloys 
[90]. This reaction was carried out starting with commercially available Pt 
nanocatalysts supported on carbon black (Pt/C). The Pt/C catalysts were 
impregnated with Cu(N0 3 ) 2 • 6H 2 0 and subsequently reduced in H 2 at 
temperatures between 600 and 900 °C. Nanosized PtCu alloy catalysts were 
reportedly made in this manner. Copper was subsequently leached from the alloyed 
particles (either electrochemically or chemically in acidic solutions), thus resulting 
in a proposed skeletal-type catalyst. Some other catalysts that have been formed 
similarly, by leaching, consist of Pt and Fe [88]. Skin-type Pt/Ni and Pt/Fe bulk 
metal catalysts have also been formed by annealing, as will be discussed in Section 
9.4.2.3. In some cases such catalysts are reported to have very high catalytic 
activity. Another possible advantage of these catalysts could be increased stability, 
namely increased resistance to sintering under FC operation. For example, it has 
been suggested that an increased resistance to sintering for e.g., Pt 3 Nii/C over Pt/C 
catalysts is due to an anchoring effect of Ni upon Pt [94]. It should be noted that 
great care needs to be taken to eliminate even traces of 0 2 in the synthesis of these 
catalysts at high temperatures and in the presence of transition metals such as Fe, 
to avoid severe corrosion of carbon. 

The two-step synthesis (subsequent reduction of the precursor salts) is more 
likely to result in phase-separated catalysts, possibly core-shell catalysts. Typically 
a colloid of a particular metal is first formed then subsequently reacted with the salt 
of the second metal. Numerous examples of such reactions exist in the literature 
[95, 96]. The deposition of the second metal onto the preformed colloid can be 
driven by a redox reaction if the second metal is more noble than the metal of the 
preformed colloid, i.e., depending on the difference in the free energy (AG), which 
is determined by the difference in the equilibrium potentials, E] and E 2 of the redox 
reactions of the two metal/salts, as follows [97]: 


AG = -Z,Z 2 F(E 1 -E 2 ) (9.11) 

In Equation 9.13, Z 3 , and Z 2 are the number of electrons involved for redox 
Reaction 9.1 and 9.2, respectively, and F is Faraday’s constant. If AG is negative 
then the oxidized form, Ox h will be reduced by the reductant, Red 2 . As an 
example, Pt can be readily deposited onto Cu surfaces and onto Au [97]. 
Deposition of Pt onto pre-reduced Ru surfaces has also been carried out using the 
same principles. Similarly, Ru has been deposited onto Cu surfaces, but to a 
smaller extent than Pt and Au. This is in fact seen experimentally, by preferential 
Ru deposition onto the rims of copper particles [97]. The equilibrium potentials, E, 
and E 2 , are given by the metal and metal-salt involved, as defined by Nernst’s law. 
It follows that the anion of the metal salt influences the E value and hence, AG. 
Through the selection of proper complexing ions it is possible to reverse the host 
and depositing metals. This has been shown for Pd deposition onto Rh surfaces 
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from Pd-nitrate solutions vs. Rh deposition onto Pd surfaces in chloride solutions 
[97], 

It should be noted that deposition driven by differences in redox potentials 
results in the partial dissolution of the metal from the pre-formed colloid/particle. 
The re-dissolved metal salt can be rapidly reduced and re-deposited onto the 
existing colloid if the reaction is carried out in a reducing environment (as is the 
case in, e.g., colloidal 2-step synthesis). In such a case, the shell is likely to consist 
of a mixture of the two metals rather than a pure metal phase. 

9.4.2 Sub-monolayer Deposition of Ad-metals 

9.4.2.1 Copper Underpotential Deposition (UPD) 

An interesting formation of bi-metallic catalysts involves the use of underpotential 
deposition (UPD) of Cu onto, e.g., Au [98]. Subsequently, the copper can be 
displaced by metals such as Pt, Pd, or Ag that are driven through favorable AG 
values. The replacement of Cu with metal, M, is an irreversible, spontaneous redox 
process, expressed through the respective equilibrium potentials (E), as follows: 


AG = E oU 


/Cu 


p0^O 


>0 


(9.12) 


Sub-monolayers of Pt, Pd, and a bilayer of Ag have been formed in this manner 
onto Au(111) surfaces. 

9.4.2.2 Spontaneous Deposition 

The formation of a sub-monolayer driven by a redox reaction, e.g., Pt deposition 
onto pre-reduced Ru surfaces, is discussed in Section 9.4.1.2. A large number of 
publications have also been devoted to the preparation of model catalyst systems 
consisting of Ru nanoparticles deposited onto single Pt crystals [39-41]. Figure 
9.10 shows scanning tunnelling microscopy (STM) images of such catalysts. The 
most commonly used single crystal is Pt(lll). The proposed reaction scheme can 
be summarized by the following steps: the Pt substrate is immersed in a two- to 
three-week-old solution of RuC 1 3 in dilute HC10 4 ; aging of the solution is proposed 
to result in the formation of hydrated Ru(+IV)-species, e.g., [Ru0(H 2 0) 4 ] 2+ ; 
spontaneous deposition of the hydrated Ru(+IV)-species in contact with the Pt is 
proposed to take place according to Equation 9.13, the possible complementary 
reaction being the partial oxidation of the Pt surface, Equation 9.14. 

[Ru 0(H 2 0) 4 ] 2+ —» Ru0 2ads + 3H 2 0 + 2H + (9.13) 

Pt + xH 2 0 PtO x H y + (2 - y)H + + (2x - y)e“ (9.14) 


The adsorbed Ru0 2 can then be electro-reduced according to Equations 9.17 and 
9.18: 



Catalyst Synthesis Techniques 473 


Rit0 2ads + 2H+ + 2e- -> RnO ads + H 2 0 (9.15) 

[Ru 0(H 2 0) 4 ] 2+ + A- +e- RuO ads + A ads + 4H,0 (9.16) 

The coverage of the Ru nanoparticles depends on the Pt’s crystallographic 
orientation. 



Figure 9.10. Scanning tunneling microscopy images of Ru nano-particles formed onto a 
Pt(lll) single crystal. (A) Substrate without CO and prior to deposition, (B) deposited Ru 
particles for 5 min., (C) higher resolution image of (B), (D) deposited Ru particles for 30 
min [40], (Reprinted with permission from Maillard F, Lu C-Q, Wieckowski A, Stimming 
U, J. Phys. Chem. B, 2005, 109, 16230, Figure 1. Copyright 2005 American Chemical 
Society.) 

9.4.2.3 Annealing/Heat Treatment of Catalysts 

As discussed in Section 9.4.1.1, preferential layers of Pt can be formed by 
annealing alloy catalysts. Promising examples of carefully annealed Pt catalysts 
have been reported recently [99, 100]. The annealed samples show a high activity 
towards the ORR, which is attributed to a lower tendency to form surface oxides. 
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Bulk Pt 3 Ni alloys were annealed in ultra-high vacuum to form a single atom Pt skin 
layer. The challenge remains to synthesize nanosized structures of these catalysts. 

Another example of the influence of heat treatment on the make of the catalyst 
and catalyst surface has been shown by Nashner et al. [101]. They supported and 
subsequently decomposed a PtRu 5 C(CO)i 6 molecular cluster precursor at different 
temperatures in a H 2 atmosphere. Carbon supported Pt/Ru nanoparticles of 1.5 nm 
average diameter were prepared in this manner. At 100 °C the particles consisted 
of a disordered structure, with a Pt enriched core and Ru on the surface, while at 
300 °C an inverted structure was formed, Pt being on the surface of the 
equilibrated nanoparticle. The schematic of the synthesis is shown in Figure 9.11. 


o 



H 2 ,673 K 
Carbon Black 



|PtRu 5 l/C 


Figure 9.11. Schematic demonstrating the decomposition of a PtRu 5 C(CO)i 6 molecular 
precursor at 673 °C in H 2 . The Pt (dark grey) is preferably deposited onto the Ru (light grey) 
[101], (Reprinted with permission from J Am Chem Soc 1997;119:7760, Scheme 1. 
Copyright 1997 American Chemical Society.) 


9.5 Non-noble Metal Catalyst Synthesis 

9.5.1 Macrocyclic Complexes 

There is considerable interest in the use of non-noble metals for fuel-cell catalysis, 
which is not surprising when one considers the cost of the noble metal Pt (at well 
over $900 US per troy ounce) and its noble metal alloying additions. In a PEM fuel 
cell using pure hydrogen at the anode, Pt loading requirements down to 0.05 mg Pt 
cnf 2 are manageable. On the other hand, the cathode component of the MEA still 
requires a loading of ~1 mg Pt cnf 2 in the best case scenario, due to the slow 
kinetics of the ORR. 

This is a major reason why the majority of non-noble metal catalysis research 
has focused on the cathode part of the fuel cell system; this work began about 1964 
with a paper in Nature by Jasinski indicating that N 4 -metal chelates had 
electrochemical oxygen reduction capacity, and specifically with the discovery that 
CoN 4 phthalocyanine is an oxygen reduction catalyst in alkaline solution [102, 
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103]. Subsequently, it was shown that metallic N 4 phthalocyanine components 
were also active for the ORR in sulfuric acid solutions, with measured catalytic 
activity decreasing in the order Cu~Ni<Co<Fe [103]. 

Another important feature of the N 4 -macrocyclics as oxygen cathode catalysts 
is the fact that they are quite tolerant to methanol oxidation, a definite advantage in 
a DMFC system where methanol cross-over through the membrane can occur. As 
well, the structure of the macrocyclic ligand can be changed (see [103], for 
example), with a potential modification of the complexes’ catalytic ability towards 
oxygen. The nature of the “metal center” [Fe, Mn, Co, Ni, Cu, etc.], in conjunction 
with the chemical structure of the macrocycle, is found to dictate the degree of 4- 
electron vs. 2-electron oxygen reduction that occurs. Obviously, in operating fuel 
cell systems, 4-electron reduction to water is much preferred over 2-electron 
reduction to peroxide. It is believed that the redox potential for the metal couple in 
its two main oxidation states helps to dictate the catalytic activity of the 
macrocycles, with more positive redox potentials enhancing ORR activity [104]. 
Supporting the N 4 -chelates on carbon or graphite is necessary for catalyst 
dispersion, and possible interactions with the conducting support need careful 
consideration. Subsequent heat treatment in inert atmospheres is necessary for both 
stability and catalytic activity, but the influence of “heat” is not simple, and 
compromises in conditioning are usually necessary (see below and, for example, 
[103]). 

The interaction of the oxygen molecule with the metal or metal chelate surface 
has been studied in some detail (e.g., [105]), and linear single metal interactions (i), 
single metal oxygen interactions (ii), and bridged interactions (iii) have been 
suggested and investigated [105]: 

[M—O—O] |V1<^| [M /0 ~° S M] 

(i) (ii) (iii) 

Obviously, the different types of interaction will lead to different kinetics and 
mechanisms, and different proportions of water to peroxide in the reaction product. 
Much has been written and speculated about these different interactions and the 
influence of metal d-orbital characteristics on the overall ORR. Reviews covering 
this aspect of the subject can be found in references such as [103] and [105]. On 
the whole, these conclusion can be drawn from the significant body of research on 
this topic: (a) Fe and Co macrocyclic complexes appear to constitute the best 
catalysts for oxygen reduction; (b) Ir complexes also appear to be quite active; (c) 
the redox potential for the metal ion couple plays a major role in dictating the 
activity of the ORR, with optimal redox potentials existing for maximum activity; 
(d) many of the non-noble metal catalysts lack the long-term stability needed for 
practical fuel cell applications; and (e) heat treatment of supported non-noble metal 
catalysts tends to increase both their activity towards oxygen reduction and their 
stability, but optimum heat treatments achieve the best “balance” of the two. 

From the point-of-view of synthesizing these macrocyclic complexes, 
considerable research has been conducted and published over the past 40+ years. 
Going back to the early days of research on the phthalocyanine (Pc) complexes for 
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oxygen reduction, it was noted that the Pc components were insoluble in 
conventional solvents and water, so the catalysts were prepared by dissolving the 
chelates in concentrated H 2 SO 4 then precipitating them onto a carbon substrate by 
the addition of water. Similar metal-organic chelates such as metal dibenzo-tetra- 
aza-annulene (MeTAA), metal tetraphenyl porphyrin (MeTPP), and its 
tetramethoxy derivative (MeTMPP), were discovered to have electrochemical 
activity [105], and were prepared on carbon supports by the impregnation method. 
Problems arose with the Me-N 4 chelates due to chemical attack by hydrogen 
peroxide generated during the ORR. The stability and activity could be improved 
by heating the chelates to 500-600 °C, and a number of theories have been 
advanced to explain these observations [103]. 

In 1989, the group of E. Yeager reported that the adsorption onto carbon of 
polyacrylonitrile (referred to as “pan”) mixed with Co 2+ or Fe 2+ salts dissolved in 
dimethylformamide gave a catalyst for the ORR [106]. The material was pyrolyzed 
in argon at 800 °C and then used on a cathode catalyst in 85% phosphoric acid at 
100 °C. A few years earlier, Yeager had published on the heat treatment of pyrrole- 
black polymer mixed with Co 2H or Fe 2+ salts [107], and the catalytic activity for the 
ORR was believed to be due to the retention during pyrolysis of nitrogens of the 
pyrrole groups to bind the transition metal ions. Yeager and his group believed that 
the catalytic activity for the ORR in acid media was associated with the nitrogen 
precursor, the transition metal precursor, and the nature of the carbon support. The 
high-temperature heat treatment helps to generate nitrogen functionalities on the 
carbon support and reduce the metal ions to the metallic state. Upon contact with 
acid electrolyte, some of the metal atoms dissolve and catalytic sites develop. So, 
this approach was in contrast to the Mc-N 4 chelate method discussed above 
whereby the metal and nitrogen components are part of the same precursor; 
instead, the metal and nitrogen belong to two different precursors. The Yeager 
method gave flexibility in catalyst preparation enabling the use of less expensive 
synthesis precursors. 

In the ensuing 20+ years, much work has been done by many groups worldwide 
on these macrocycles as potential ORR electrocatalysts (see [103, 104]], and it has 
been confirmed and documented that the natures of the central metal atom (or ion) 
and the surrounding ligaments play crucial roles [108]. Much of that research has 
involved development of new synthesis methods and treatment procedures for 
these catalysts, which are prone to loss of catalytic activity with time and the 
generation of peroxide, given its associated chemical aggressiveness. While some 
of these novel catalysts have shown initial activities comparable to Pt, long-term 
performance is still the issue and until this is resolved (with, for example, optimum 
heat-treatment procedures), use of these novel materials in real operating fuel cell 
systems will not likely occur. 

9.5.2 Methanol Tolerance and the Economics of these Catalysts 

As stated at the beginning of this Section 9.5, a major driving force for the 
development of non-noble metal catalysts is the “lower-cost” factor (along with 
potential methanol tolerance in the case of the DMFC system). But even if the cost 
of large-scale synthesis of these non-Pt catalyst formulations in a fuel cell stable 
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form were extremely low (and this is certainly not guaranteed), there is still some 
question about just how “useful” they would be in an operating system. Gasteiger 
et al. raise this interesting question, namely that if the cathode catalyst were free, 
how much of it could one afford to use [109]? For example, if the catalytic activity 
was 1/100 th that of Pt, one would need to use 100 times as much, which would be 
impractical from the point-of-view of fuel cell system volume, necessitating 
significant extra costs associated with additional membrane material, bipolar 
plates, and diffusion media (assuming that we cannot simply increase the catalyst 
layer thickness indefinitely because of diffusion limitations). Indeed, Gasteiger et 
al. suggest that the activity of a “cost-less” (i.e., free) cathode catalyst for 
automotive and light-duty applications would need to be no less than 1/10 th of what 
could be achieved with current Pt catalyst technology. And of course, the non¬ 
noble metal chelate catalysts are not “free-of-charge” and have life-time 
expectancies “still-to-be-determined”. Gasteiger et al. point out the vital need to 
obtain fuel cell performance data on “innovative catalyst systems” under 
conditions in which the data can be truly compared to an operating Pt catalyst 
system without the need for too many extrapolations and assumptions. They also 
stress that the performance of the Pt catalyst fuel cell system must be cited under 
true “state-of-the-art” catalytic activities, as opposed to those where detrimental 
conditions (such as Pt poisoning) influence results (and where such conditions can 
be handled by, e.g., electrode conditioning). By comparing the best results for non¬ 
noble metal ORR catalysts from the Dodelet [110-112] and Bron [113, 114] 
groups, to those for “standard” Pt catalysts, the conclusion is that the latter would 
still be superior to the former, even if the former catalysts were “free-of-charge”. 
The non-noble metal ORR catalysts face serious durability issues, especially given 
that they are more prone to peroxide generation than their Pt counterparts (i.e., the 
2-electron as opposed to the 4-electron reduction) [see 113, 114]. Indeed, the non- 
Pt ORR catalysts containing Fe are known to be catalytically attractive but the Fe 
can generate ferrous ions which are well known to convert hydrogen peroxide to 
peroxyl radicals [115]; these are highly aggressive to many materials, including 
Nation. In light of the major activity and durability issues discussed above, further 
significant progress is needed before synthesized non-Pt-ORR catalysts can be 
usefully employed in real operating fuel cell systems, and this is not likely to occur 
for quite some time. 

9.5.3 Transition Metal Chalcogenides 

Another interesting class of ORR electrocatalysts that is attracting considerable 
attention are the non-Pt catalysts such as Ru-Mo chalcogenides (containing S, Te, 
or Se) or the simple Ru-Se compounds. While some noble metal is present, Pt itself 
is absent. Alonso-Vante was the first to show that Ru-based chalcogenides and 
chevrel-type phases (like Mo 4 RuSe 8 ) show catalytic activity for the ORR in acid 
solutions and catalyze the 4-electron reduction to H 2 0 over the H 2 O 2 route [116]. 
Indeed, the MoRuSe electrocatalysts generated only 3 to 4% H 2 O 2 over the entire 
potential range for the ORR in acid electrolytes [117], thus demonstrating very 
high selectivity for the 4-electron ORR as opposed to the high degree of 2-electron 
reduction at pure Se electrodes. As well, these catalysts show high tolerance to 
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methanol oxidation, an important consideration for DMFC systems (see, e.g., 
[118]). 

The RuMoSe compounds have chevrel phases [119] in which an octahedral 
cluster with six metal atoms is encased in a cube of chalcogens (see, e.g., [ 120 ]]. 
The molecular structures of these compounds, and their subsequent electronic 
properties, give the mixed metals (such as Ru/Mo) a high density of electronic d- 
states. This in turn gives rise to an abundant electron reservoir whereby the 
absorbed 0 2 molecules can exchange electrons and be cathodically reduced to 
H 2 0. These Ru-based chalcogenides are usually synthesized by solid-state 
reactions of the pure elements at temperatures ranging from 1200 to 1700 °C, and 
under high pressure [117, 121]. But this means that the synthesis procedures are 
complicated and therefore the compounds themselves are very expensive and 
probably not attractive for large-scale use. Low-temperature synthesis methods 
have been developed, the most prominent being either the thermolysis method or 
the colloidal method (see [ 122 ] and references therein for a related methodology, 
and also [123, 124]). In the thermolysis method, Ru(CO)i 2 and elemental selenium, 
in either xylene or 1 , 2 -dichlorobenzene as solvent, are refluxed at the boiling point 
in an inert atmosphere. Ru/Se catalysts can also be prepared through a 
thermochemical treatment, by the refluxing of colloidal Ru particles in Se- 
saturated xylene solvent. In this method, R 11 CI 3 dissolved in tetrahydrofuran is 
reduced via a reducing agent in ethanol and nanosized Ru particles are formed. 
These particles are further treated with aqueous selenious acid to give the Ru/Se 
catalyst. By modifying the colloidal synthesis procedure somewhat 
(impregnation/reduction method), the Ru/Se catalyst can be deposited on a porous 
carbon support for dispersion [125]. For the Ru/Se catalysts of the “carbonyl- 
tailored” types studied by Bron [126], the ORR activity increased with Se content, 
reaching a maximum at 15 mole%. As well, the amount of H 2 0 2 generated at 
different reduction potentials decreased with addition of Se, this being especially 
true in the 0.6 to 0.7 V (NHE) potential range. Thus, the results are promising for 
such compounds, at least on the level of small-scale laboratory production and 
evaluation. 

Based on the extensive research performed over the past 20 years, of which 
only a small fraction has been presented here, there is no doubt that real advances 
have been made in understanding the concept of electron reservoirs created in the 
chevrel-type cluster units for electrocatalysis of reactions like the ORR. The 
investigated catalytic materials are indeed novel, and seem to have the ability to 
provide coordination (through their catalytic centers) for oxygen reactivity and 
selectivity. They have certainly thrown light on the nature of the “complicated” 
ORR, and have provided researchers with a controlled system for the systematic 
investigation of this best known cathodic reaction. 

9.5.4 Conclusions 

Will such compounds (or even the macrocyclics discussed earlier) soon replace Pt 
as the FC catalytic material of choice? The answer is most probably “no”, at least 
in the near future. Industry will go with what is tried and true, especially when 
long-term performance and reproducibly are paramount in such systems for “real- 



Catalyst Synthesis Techniques 479 


world” applications. But this certainly does not mean that further research into 
these “novel” cathode formulations and their all-important synthesis procedures is 
not warranted. It may indeed be that some years down the road, such novel and 
specifically tailored electrocatalysts will replace Pt and its alloys. But until then, 
they will essentially remain very interesting materials for the fundamental 
investigations of students and researchers. 
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Physical Characterization of Electrocatalysts 


Shijun Liao, Baitao Li and Yingwei Li 


10.1 Introduction 

In recent years, fuel cells have attracted considerable attention due to their high 
energy efficiency with zero emissions [1], Electrocatalysts are some of the key 
materials used in low-temperature fuel cells such as the polymer electrolyte 
membrane fuel cell (PEMFC) and the direct methanol hiel cell (DMFC). Creating 
high-performance catalysts is widely recognized as a key step for the further 
development and commercialization of low-temperature fuel cells. 

The physical characterization of electrocatalysts is very important for several 
areas of research: (1) preparing new types of electrocatalysts with high activity and 
high selectivity, (2) recognizing electrocatalyst structures, and (3) investigating the 
mechanisms of catalysts and certain additives. 

Electrocatalysts for application in low-temperature fuel cells (including 
PEMFCs and DMFCs) constitute a special type of heterogeneous catalyst. The 
most important difference between an electrocatalyst and a normal heterogeneous 
catalyst is that the former should have good conductivity, whereas most typical 
heterogeneous catalysts are insulators; therefore, most characterization techniques 
for electrocatalysts are the same as for regular heterogeneous catalysts, but some 
special techniques are required for electrocatalysts because of their conductivity . 

For most PEM fuel cell catalysts, carbon black and other order carbon materials 
(such as carbon nanotubes) are usually used as support materials. These supports 
can give catalysts good electron conductivity, a very important feature in a fuel cell 
catalyst. Platinum and its alloys are popular active components, generally highly 
dispersed on the surface of support materials as micro- and nano-particles. Catalyst 
performance is related not only to the conductivity and supporting amounts of 
noble metals, but also, and more importantly, to the dispersion and composition of 
the active components. Because the hydrogen molecule is small and easily diffused 
in catalysts, in general the catalyst pore structure is not more important than the 
surface area. 

Physical characterization of PEMFC catalysts includes measurement of the 
surface area, the electrochemical active surface area, the phase and composition of 
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active components, the particle size and size distribution of active components, the 
morphology and crystal planes, and other features. 


10.2 Analysis of Composition and Phase of Catalyst 

10.2.1 X-ray Diffraction (XRD) and Electron Diffraction (ED) 

Principles 

X-ray diffraction (XRD) is the most widely used technique to characterize 
materials. It is a non-destructive technique that reveals detailed information about 
the chemical composition and crystallographic structure of natural and 
manufactured materials. 

X-rays were discovered by Wilhelm Conrad Rontgen in 1895. X-rays interact 
with electrons in matter and are scattered in various directions by these atomic 
electrons. If the scattering centers are separated by distances comparable to the 
wavelength of the X-rays, then interference between the X-rays scattered from 
particular electron centers can occur. For an ordered array of scattering centers this 
activity can give rise to interference maxima and minima. 

Each crystalline substance has a characteristic arrangement of atoms which 
diffracts X-rays in a unique pattern. X-ray reflection takes place from lattice planes 
according to Bragg’s Law: 

nX = 2d sin a (n = 1,2,3,...) 

where X is the wavelength of the X-rays, d is the lattice spacing, a is the half-value 
of the diffraction angle, n is the order of the reflection and can be any whole 
number, and X is determined by the type of X-ray tube; typical wavelengths used 
for X-ray experiments lie between 0.6 and 1.9 A. Scanning a range of angles of 
reflection with a detector therefore gives a pattern of peaks with certain spacings 
and intensities. Planes going through areas with high electron density will reflect 
strongly whereas planes with low electron density will yield weak intensities. 

Crystallography 

About 95% of all solid materials can be described as crystalline. In 
crystallography, it is convenient to characterize a given crystal in terms of a set of 
planes. A real 3-dimensional crystal contains many sets of planes. The orientation 
and interplanar spacings of these planes are conventionally defined by the three 
integers h, k, and /, called Miller indices. These are determined by the points at 
which a given crystal plane intersects the three axes. Each plane can satisfy 
Bragg’s Law and give a bright spot due to constructive interference. To account for 
all possible planes, Bragg’s Law is usually rewritten (for a cubic system) as: 

1 _ h 2 +k 2 +l 2 
d 2 ~ a 2 
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Therefore, by measuring the intensity and a angle, d can be calculated. If we can 
assign a set of (h, k, l) for a peak, then we can calculate the unit cell parameter 
according to Bragg’s Law. 

Mean Particle Size, Surface Area of Active Components 

A perfect crystal would extend in all directions to infinity, so we can say that no 
crystal is perfect due to its limited size. Such a deviation from perfect crystallinity 
will lead to broadening of the diffraction peak. However, this type of peak 
broadening is negligible when the crystallite size is larger than 200 nm. Crystallite 
size is a measure of the size of a coherently diffracting domain. Due to the 
presence of polycrystalline diffracting domain aggregates, crystallite size may not 
be the same thing as particle size. 

Scherrer first observed that small crystallite size could give rise to peak 
broadening. He derived a well-known equation for relating the crystallite size to 
the peak width, which is called the Scherrer formula: 

t = KX/(B cosa) 

where t is the average dimension of crystallites; K is the Scherrer constant, a 
somewhat arbitrary value that falls in the range 0.87-1.0 (and is usually assumed to 
be 1); X is the wavelength of the X-rays; and B is the integral breadth of a 
reflection (in radians 2a) located at 2a. B is often calculated relative to a reference 
solid (with crystallite size > 500 nm) added to the sample: B 2 = B s 2 -B r 2 (where B s 
and B r are peak widths of the sample and standard in radians). 

Several factors could change XRD reflections, e.g., crystallite size, overlap of 
peaks, microstrain, lattice structure, and stacking faults. 

Typical Example Analysis 

XRD is a quick and essential method to determine catalyst stability by calculating 
the metal particle size. For example, alumina-supported Rh, Pt, and Pd catalysts 
exhibit good activity in the autothermal reforming of methane (CH 4 /H 2 O/O 2 /A 1 ' = 
40/30/20/10) [3]; however, Pd/Al 2 0 3 easily loses its activity. This feature can be 
proven by XRD characterization. Figure 10.1 shows the XRD patterns for fresh 
and used catalysts, and Table 10.1 summarizes the average particle size. In Figure 
10 . 1 (a), the sharp peaks are assigned to gamma-alumina; no typical metal peak was 
observed due to the low metal loading (0.3 wt%) in the catalysts. In the case of 
Rh/ALCL, Rh metal particles were highly dispersed on the used catalyst at the inlet 
as well as at the outlet. Very little aggregation of Pt was observed on the used 
catalyst at the outlet. However, the aggregation of Pd metal on the catalyst near 
the bed outlet was clearly observed; in fact, its initial methane conversion was 
60%, which dropped to 55% after 4 hours of reaction. From thermogravimetric 
analysis (TGA) it is clear that almost no coke was deposited on the Rh/Al 2 0 3 and 
Pt/Al 2 0 3 catalysts; however, coke deposition was observed on Pd/Al 2 0 3 , as noted 
in Table 10.1. 
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Figure 10.1. X-ray diffraction patterns of fresh and used catalysts: (a) fresh catalysts; (b) 
Rh/Al 2 0 3 ; (c) Pt/Al 2 0 3 ; (d) Pd/Al 2 0 3 . (1) fresh; (2) the used catalyst at the catalyst bed inlet; 
(3) the used catalyst at the catalyst bed outlet. Fresh: reduced in hydrogen flow at 1123 K. 
Used: reaction conditions of 1123 K, CH 4 /H 2 0/0 2 /Ar = 40/30/20/10, W/F = 0.40 gh mol -1 , 
4 h [3], (Reproduced from Applied Catalysis A - General, 275(1-2), Li BT, Marayama K, 
Nurunnabi M, Kunimori K, Tomishige K, Temperature profiles of alumina-supported noble 
metal catalysts in autothermal reforming of methane, 157-72, 2004, with permission from 
Elsevier.) 

It is well known that catalytic activity is strongly dependent on the shape, size, 
and distribution of the metal particles [6]. Furthermore, support also plays a vital 
role in the performance of a catalyst. Carbon is an excellent support in many ways: 
its high specific surface area is necessary for high metal loading; its pore structure 
is suitable for mass transfer; and its high conductivity of graphitization can reduce 
resistance in electron transportation. In research on catalyst structures, XRD has 
played an effective role in determining catalyst composition. 

The rare noble metal Pt is the most commonly used metal in hiel cell catalysts. 
A Pt-based catalyst supported on carbon has both high intrinsic activity and great 
stability [7-10]. It is generally accepted that the catalytic activity of a Pt-based 
catalyst is highly dependent on the dispersion and the size distribution of the Pt 
crystallites [11, 12]. Therefore, much attention has been focused upon the 
preparation of highly dispersed Pt catalysts. Nanosized platinum particles 
dispersed on high-surface-area carbon substrates have been used as an 
electrocatalyst for both anode and cathode. 
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Table 10.1. Characterization of the catalysts [3, 74], (From Applied Catalysis A - General, 
275(1-2), Li BT, Marayama K, Nurunnabi M, Kunimori K, Tomishige K, Temperature 
profiles of alumina-supported noble metal catalysts in autothermal reforming of methane, 
157-72, 2004, with permission from Elsevier; and with permission from J Phys Chem B 
2006;110:5343-50. Copyright 2006 American Chemical Society.) 


Catalyst 

Condition 11 

Position 

Average particle 
size b (nm) 

Amount of carbon 
deposition (mg/g-cat) 

Rh/AhOj 

fresh 


n.d. 

— 


used 

(inlet) 

n.d. 

0 


used 

(outlet) 

n.d. 

0 

Pt/Al 2 0 3 

fresh 


10 

— 


used 

(inlet) 

9 

0 


used 

(outlet) 

14 

0 

Pd/Al 2 0 3 

fresh 


30 

— 


used 

(inlet) 

32 

89 


used 

(outlet) 

42 

171 


a Sample weight: 0.1 g. Fresh: the catalyst was reduced in hydrogen flow at 1123 K. Used: 
reaction conditions of 1123 K, CH^FEO/CVAr = 40/30/20/10, W/F = 0.40 gh mol -1 , 4 h. 
Calculated from Scherrer equation, using the half-width at half-height of the characteristic 
metal peak [4, 5], 

Carbon amount measured from TGA. 
n.d. = not detected 

A new microwave-assisted [13] polyol process was used to prepared platinum 
(Pt) and palladium (Pd) nanoparticles supported on Vulcan XC72 carbon. X-ray 
diffraction analysis showed (Figure 10.2) that the average particle sizes of Pt and 
Pd nanoparticles, which are uniformly dispersed on carbon, are 4 and 5 nm, 
respectively. The Pt/C and Pd/C catalysts exhibit four diffraction peaks that are 
indexed to the (1 1 1), (2 0 0), (2 2 0), and (3 11) planes of Pt and Pd, 
respectively. At 25 °C, the open circuit voltages for a single-stack test cell of a 
direct formic acid fuel cell using Pd/C and Pt/C catalysts are 0.74 and 0.685 V, 
respectively, while the corresponding peak power densities are 120 and 76.5 
mWcm 2 . Preliminary data show that the Pd/C catalyst has a higher electrocatalytic 
activity for formic acid oxidation than the Pt/C catalyst. 

On the other hand, carbon-supported Pt catalysts for the electrooxidation of 
formic acid are severely poisoned by the adsorbed CO intermediate of the reaction 
[14-16], although platinum is at present the best-known catalyst for the 
dissociative adsorption of small organic molecules. It has been demonstrated [17, 
18] that PtRu and PtPd alloys can diminish this CO poisoning effect to some 
extent. 
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Figure 10.2. XRD patterns of microwave-synthesized Pt/C and Pd/C catalysts [13]. 
(Reproduced from Journal of Power Sources, 161(2), Liu ZL, Hong L, Tham MP, Lim TH, 
Jiang HX. Nanostructured Pt/C and Pd/C catalysts for direct formic acid fuel cells, 831-5, 
2006, with permission from Elsevier.) 

In PEMFCs, Pt-Co/C alloy catalysts show improved performance when used as 
cathode materials instead of Pt/C [19-22]. The enhancement of ORR activity 
observed for supported Pt-Co alloy electrocatalysts has been ascribed to both 
geometric factors (decrease of the Pt-Pt bond distance) and electronic factors 
(increase of Pt d-electron vacancy) [23, 24]. In direct ethanol fuel cells [25], a 
commercial carbon-supported Pt-Co (3:1) electrocatalyst has been investigated as a 
cathode material. The XRD patterns clearly show the five main characteristic peaks 
of the face-centered cubic (fee) structure of crystalline Pt, namely, the planes 
(1 1 1), (2 0 0), (2 2 0), (3 1 1), and (2 2 2). The shift to higher angles of the Pt 
peaks in the Pt-Co electrocatalyst reveals alloy formation between Pt and Co, due 
to the incorporation of the base metal into the fee structure of Pt. Furthermore, the 
lattice parameter of the Pt-Co/C (3:1) alloy electrocatalyst is in agreement with the 
lattice constant for the bulk Pt-Co (3:1) solid solution, indicating a high degree of 
alloying, which results in improved activity of the alloy for oxygen reduction. 

Wang, Zhenbo et al. [26] studied the electrocatalytic activity of the Pt-Ru/C 
catalyst that was formed by thermal reduction with the acidic and alkaline 
Pt(NH 3 ) 2 (N02)2 solutions and the same acidic Ru compound as precursors. It was 
found that the XRD patterns (Figure 10.3) of the two catalysts showed Pt 
reflections for an fee crystalline alloy structure. The catalyst prepared from the 
acidic Pt(NH 3 ) 2 (N0 2 )2 as a precursor has a more homogeneous distribution of Pt- 
Ru metal particles on carbon. Its size is relatively small, about 3.7 nm. Its chemical 
composition is quite similar to the theoretical value of 1:1 (Pt:Ru). The catalyst 
prepared from the alkaline Pt(NH 3 ) 2 (N0 2 )2 as a precursor has an uneven 
distribution of Pt-Ru particles on carbon, its size is relatively large, about 6.0 nm. 
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and the chemical composition of Pt and Ru was 6:4. The electrocatalytic activity of 
the two Pt-Ru/C catalysts was investigated in terms of the electrooxidation of 
methanol in H 2 SO 4 solution. The peak current density from the cyclic 
voltammograms plot showed that the Pt-Ru/C catalyst from the acidic 
Pt(NH 3 ) 2 (N 0 2 )2 is 5.4 mA cm 2 higher than the catalyst from the alkaline solution. 
Therefore, the methanol electrooxidation performance of the Pt-Ru/C catalyst from 
the acidic Pt(NH 3 ) 2 (N 0 2 ) 2 solution is much better. 



Figure 10.3. XRD patterns of Pt-Ru/C catalysts prepared from the acidic (A) and the 
alkaline (B) Pt(NH3)2(N0 2 ) 2 as precursors [26]. (Reproduced from Journal of Power 
Sources, 163(2), Wang ZB, Yin GP, Shi PF. The influence of acidic and alkaline precursors 
on Pt Ru/C catalyst performance for a direct methanol fuel cell, 688-94, 2007, with 
permission from Elsevier.) 

Recently, several authors have explored ways to prepare mesoporous carbons 
that have a certain graphitic order, employing mesoporous silica materials as 
templates [27-32]. Pak et al. [33] investigated the effect of the graphitic character 
of ordered mesoporous carbons (OMCs) on the performances of OMC-supported 
catalysts for DMFCs. Two OMC samples with hexagonal mesostructure were 
prepared from phenanthrene and sucrose by the nanoreplication method, using 
mesoporous silica as a template (noted as POMC and SOMC, respectively). The 
average particle sizes of the catalysts estimated by the Debye-Scherrer equation 
were 2.7 and 2.5 nm for Pt/POMC and Pt/SOMC, respectively. The sizes of the Pt 
particles supported on OMCs were very small, considering that the metal content 
was as high as 60 wt%. Further structural characterizations revealed that both 
OMCs exhibited similar particle size, pore size, and high surface areas, whereas 
POMC exhibited a four-fold decrease in sheet resistance compared with SOMC, 
indicative of the higher electrical conductivity of POMC. 

In addition, the pore diameter of the carbons could be controlled over a range 
of mesopore size by the use of an appropriate silica employed as a template [34]. 
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It was found that the commercial colloidal silica TM-50 had the largest pore size. 
Thus, the catalyst Pt/TM-C has the finest particle size, and consequently it showed 
the best cell performance among the catalysts tested. In addition to the high 
surface area of the active metal, the large pore size of the Pt/TM-C appears to have 
a positive effect on the distribution of ionomer, resulting in easy formation of a 
triple-phase boundary. 
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Figure 10.4. XRD patterns for the graphitized carbons (a) before and (b) after metal 
removal [35], (Reproduced from Carbon, 44(3), Sevilla M, Fuertes AB. Catalytic 
graphitization of templated mesoporous carbons, 468-74, 2006, with permission from 
Elsevier.) 

Fuertes et al. [35] reported a new synthetic strategy that is based on a 
combination of the template technique and the use of metal catalysts to create 
graphitic domains (catalytic graphitization). The XRD patterns in the wide-angle 
region were used to evaluate the graphitic nature of the synthesized carbon. The 
XRD spectra of the graphitized carbons are shown in Figure 10.4. As a reference, 
the XRD pattern of the non-graphitized C-800 (800 = temperature of 
carbonization) sample is also shown for reference. This sample does not exhibit 
any characteristic diffraction peak, which is consistent with an amorphous 
framework. In contrast, the graphitized materials exhibit intense XRD peaks at 
around 2 theta = 26°, 43°, 54°, and 78°, which can be assigned to the (0 0 2), 
(1 0 0), (0 0 4) and (1 1 0) diffractions of the graphitic framework, respectively. 
This shows that the graphitic structures were formed as a consequence of heat 
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treatment. The graphitization depends on the metal used as catalyst, and is greater 
for nickel than for iron and manganese. The porous characteristics of these 
materials change substantially with the temperature employed during the 
carbonization step. The graphitized carbons thus prepared exhibit electrical 
conductivities as high as 19.5 S cnT 1 , up to two orders larger than those obtained 
with the non-graphitized samples. 

Although carbon black-supported electrocatalysts have exhibited quite 
moderate performances on DMFCs so far [36], a new generation of electrocatalyst 
carbon supports, such as carbon spheres [37], graphite nanofibers [38], carbon 
nanohorns [39] and carbon nanotubes [40], are actively being sought and tested in 
the attempt to significantly improving membrane fuel cell performances. CNTs 
have been efficiently used as a support material for fuel cell catalysts (e.g., Pt and 
Pt-based alloys [41-47]). Compared to the typical carbon black electrocatalysts, 
the nanotube-supported platinum catalyst resulted in up to 140% improvement in 
efficiency for a proton exchange membrane (PEM) fuel cell [48]. A high catalytic 
performance for the oxygen reduction reaction and the methanol oxidation reaction 
has been reported. The possible reasons [49] are that the CNT-based catalysts 
could create special metal-support interactions, and have higher conductivity and 
lower organic impurities than the traditional carbon black-based ones. In particular, 
the experiments and theoretical calculations carried out by Britto et al. showed that 
a large number of defects in CNTs, such as pentagons at the nanotube tip and 
pentagon-heptagon defect pairs in the lattice and curvature, are beneficial to the 
oxygen reduction reaction [50]. 

Carbon nanotube-supported Pt-Ru (Pt-Ru/CNT) with a desired electrocatalyst 
composition has been successfully prepared [51]. It gave excellent single-cell 
DMFC performance with both anode and cathode electrocatalyst loadings at 4 mg 
cm 2 . At 60 °C, a power density of > 60 mW cm 2 at about 0.21 V was obtained. 
Figure 10.5(A) shows the XRD patterns of (a) acid-treated CNT and (b) Pt- 
Ru/CNT electrocatalysts. The acid-treated CNT exhibited characteristic diffraction 
peaks at 26 = 26.8°, 43.1°, 53°, and 79°. The peaks attributed to the hexagonal 
graphite structures (0 0 2), (1 0 0), (0 0 4), and (110) of the multi-walled CNT 
have diminished or disappeared during the reductive deposition process, indicating 
the formation of Pt-Ru electrocatalyst on the CNT surfaces. The generated new 
diffraction peaks corresponded to Pt( 111), Pt(2 0 0), Pt(2 2 0), and Pt(3 1 1) of the 
Pt-rich fee phases. Further comparison with the XRD pattern of a Pt-Ru black 
standard, as shown in Figure 10.5(B), indicates that both do reveal similar 
characteristic peaks at the same positions, except for the remaining CNT signal at 
26 = 26.8°. This proves that the formation of electrocatalyst on the CNT surface by 
reductive deposition does indeed correspond to that of Pt-Ru. The absence of peaks 
for the Ru element in Pt-Ru/CNT can be attributed to the relatively small size of 
the Ru atom that is embedded in the Pt-Ru crystalline structure. The XRD pattern 
of the Pt-Ru/CNT matches perfectly well with that of the Pt-Ru black alloy 
reference, which directly proves the obtained Pt-Ru/CNT was an alloy catalyst. In 
addition, if the prepared catalyst was composed of independent Pt/Ru nanoparticles 
or a combination of the two, the distinctive peaks of the Ru element should appear 
in the XRD pattern. Flowever, they did not. It was, therefore, concluded that the 
prepared Pt-Ru/CNT was indeed an alloy catalyst. 
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Figure 10.5. Comparison of XRD patterns: (A) shows that of (a) acid-treated CNT and (b) 
Pt-Ru/CNT; (B) shows that of (a) Pt-Ru black and (b) Pt-Ru/CNT [51]. (Reproduced from 
Journal of Power Sources, 160(1), Jeng KT, Chien CC, Hsu NY, Yen SC, Chiou SD, Lin 
SH, et al. Performance of direct methanol fuel cell using carbon nano tube-supported Pt-Ru 
anode catalyst with controlled composition, 97-104, 2006, with permission from Elsevier.) 

Electron Diffraction (ED) 

Electron diffraction is a collective elastic scattering phenomenon in which the 
electrons are scattered by atoms in a regular array or a crystal. Secondary waves 
are generated when an incoming plane electron wave interact with the atoms. 
Analogous to Huygens’ principle for diffraction of light waves, the secondary 
waves interfere with each other, and diffraction patterns thus can be obtained. 

Bragg’s law can be employed to describe electron diffraction as it is used for 
XRD: ' 


nT, = 2dsin© 

Here d is the interplanar distance and can be calculated from ED patterns, 
because the wavelength X of the electrons is known. Electron diffraction is a 
valuable tool in crystallography. 

ED has three unique characteristics: 

1. very strong reflection, because the wavelength of the electrons (e.g., 1.97 
pm for 300 keV electrons) is much shorter than that of X-rays; 

2 . very small diffraction angles, generally in the range of 0-2°; 

3. very strong interaction of electrons with samples, because the electrons are 
scattered by the positive potential inside the electron cloud, while X-rays 
interact with the electron cloud. 
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Figure 10.6. Electron diffraction patterns of Ta97Te60 along two perpendicular directions. 
The parameters of the tetragonal unit cell can be determined from these SAED patterns: a = 
27.6, c = 20.6 A [52], (Reprinted with permission from Frank Krumeich, ETFi Zurich.) 

In recent years, electron diffraction has been used to characterize fuel cell 
catalysts, as information about the crystal symmetry of active components can be 
obtained from electron diffraction. Most of the electron diffraction for fuel cell 
catalysts is performed in a Transmission Electron Microscope (TEM), where the 
electrons pass through a thin film of the samples being studied. The resulting 
diffraction pattern is then observed on a fluorescent screen and recorded on 
photographic film or with a CCD camera. 

10.2.2 X-ray Fluorescence (XRF), X-ray Emission (XRE), and Proton-induced 
X-ray Emission (PIXE) 



Figure 10.7. Typical wavelength dispersive XRF spectrum [53] 
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XRF, XRE, and PIXE are three related methods based upon similar principles. 
When a material is bombarded with high-energy X-rays or gamma rays, a 
secondary characteristic X-ray is then emitted. Currently, this characteristic X-ray 
is widely used for chemical analysis. For fuel cell catalysts, this is an ideal 
nondestructive method for analysing bulk composition, instead of traditional wet 
chemical methods and their automated successors like atomic absorption and 
atomic emission spectroscopy. 


10.3 Measurement of Physical Surface Area and Electrochemical 
Active Surface Area 

10.3.1 BET Method and Physical Surface Area 

The surface area of solids has long been important in physical sciences, applied 
sciences, and environmental sciences, because this feature is capable of affecting 
the quality and utility of many materials. For this reason it is important to 
determine and control surface areas accurately. Likewise, knowledge of porosity 
and surface area are frequently important keys in understanding the structure, 
formation, and potential applications of different natural materials. 

The most widely used and studied technique for estimating surface area is the 
so-called BET method, which stands for Brunauer, Emmett, and Teller, who 
published a paper in the Journal of the American Chemical Society in 1938 [54], 
Their work allowed others to finally make sense of the adsorption of gases by a 
solid material with a complicated shape, and helped us interpret the relationship 
between surface area and adsorbed gas molecules. This method may seem 
complicated; however, its application is in fact quite straightforward and very easy 
to comprehend. 

The BET method basically uses the surface of adsorbed gas molecules as a 
ruler. For example, take a nitrogen molecule. We know from other experiments 
that the area covered by a nitrogen molecule at liquid nitrogen temperature is 16.2 
A 2 . Next, we need to figure out how many of these nitrogen molecules are required 
to completely cover the surface of the solid, so we expose the solid in a vacuum 
chamber to different amounts of a gas and measure the pressure in that chamber. 
We accept the important hypothesis that no more than one atom can occupy one 
site and the atoms do not interact with each other. The pressure will decrease as 
more and more gas molecules adsorb on the surface. 

For different amounts of gas that have been added to the vacuum chamber, we 
find a certain amount of molecules that are in equilibrium and adsorbed on the 
surface. The result of the so-called adsorption and desoiption isotherms is used to 
determine the amount of gas molecules adsorbed to a surface, according to the 
BET equation: 

P _ 1 (C-l) P 

V(P 0 -P)'\^C + V m C P~ 
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where P is the equilibrium pressure, P Q the saturated vapor pressure, V the total 
volume of molecules added, and V m the volume of gas molecules corresponding to 
the monolayer. From the experiment, a series of P and V can be obtained. Plotting 
P/V(P 0 -P) versus P/P„ leads to a straight line. The slope and intercept of the line 
are (C-l)/V m C and l/V m C, respectively, from which V m can be obtained. 

Nitrogen is used most often to measure BET surface, but if the surface area is 
very low, argon or krypton may be used, as both give a more sensitive 
measurement because of their lower saturation vapor pressures at liquid nitrogen 
temperature. 

10.3.2 Electrochemical Hydrogen Adsorption/Desorption 

The electrochemical active surface area (EASA) of fuel cell Pt-based catalysts 
could be measured by the electrochemical hydrogen adsorption/desorption method. 
For carbon supported Pt, Pt alloy, and other noble metals catalysts, the real surface 
area can be measured by the cyclic voltammetry method [55-59], which is based 
on the formation of a hydrogen monolayer electrochemically adsorbed on the 
catalyst’s surface. Generally, the electrode for measurement is prepared by 
dropping catalyst ink on the surface of smooth platinum or glassy carbon substrate 
(e.g, a glassy carbon disk electrode or platinum disk electrode), followed by diying 
to form a catalyst film on the substrate. The catalyst ink is composed of catalyst 
powder, adhesive material (e.g., Nation® solution), and solvent. 

Figure 10.8 shows typical cyclic voltammograms of Pt/C and PtRu/C catalyst 
electrodes in 0.5 M H 2 SO 4 solution. In the case of the Pt/C catalyst, two well- 
resolved peaks on the cathodic sweep at the low potentials area correspond to the 
hydrogen deposition on the electrode surface. The surface area can be calculated 
by the following equation [60-62]: 

Secsa (m 2 g ') = Charge area (juC cm' 2 ) /[10><210 (juC cm' 2 ) 
x Catalyst loading (mg cm -2 )] (10.1) 

where Secsa is the active surface area of the catalyst and 210 is the ratio of electron 
amount to the active surface area, pC.cm 2 . 

It should be noted that the hydrogen peaks are only observed for a very pure, 
clean Pt catalyst in acidic background solution. If the catalyst were modified with 
additives, the peaks would change or not even appear. Nonetheless, for most 
modified Pt/C catalysts the peaks are still suitable for estimating the active surface 
areas of catalysts. For PtRu/C and PtRuIr/C catalysts (as two examples), the 
estimated surface areas are very important in elucidating the catalysts’ performance 
and properties. 

Thus, the hydrogen peaks can be used not only to measure the active surface 
area of a catalyst but also to qualitatively estimate the “clearness” of a Pt/C 
catalyst. 

The roughness factor is an important parameter in describing the dispersion and 
porous structure of the active components of a fuel cell catalyst. It is defined as: 


ft = ArlAg 


( 10 . 2 ) 
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where Ax is the real surface area of the catalyst film measured by the 
electrochemical method, and Ag is the geometric surface area of the substrate 
electrode (glassy carbon disk). 




Figure 10.8. Cyclic voltammograms of Pt/C and PtRu/C catalyst electrodes in 0.5 M H 2 S0 4 
solution. 

For a carbon black-supported platinum catalyst, the roughness factor can be 
very high (1 to 10 5 ), depending on the dispersion of the active components and 
their microstructure. 
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10.3.3 Typical Examples Analysis 

Due to their excellent power density and good energy conversion efficiency, 
polymer electrolyte fuel cells (PEFCs) are promising candidates for transportation, 
as well as portable and stationary power systems [63]. In recent years, extensive 
research has been done on the oxygen reduction reaction on platinum at solid 
polymer electrolyte interfaces [64, 65], Nation is often used as the electrolyte in 
low-temperature fuel cell systems, as it enables the porous catalyzed carbon to be 
integrated into the electrolyte by extending the three-dimensional reaction zone 
[66, 67]. 

To make PEFCs a commercial reality, cost is a very important issue [68]. Many 
studies have dealt with the optimization of Nafion in the electrode structure [69]. 
Giorgi et al. [70] investigated the effect of Nafion loading in the catalyst layer of 
cathodes for PEFCs (Figure 10.9). The electrochemically active surface as a 
function of Nafion content in the electrode goes through a maximum at 0.67 mg 
cnf 2 . A Nafion-less pore means a lack of protons on the catalytic sites and, as a 
consequence, a low oxygen concentration. An increase in Nafion concentration 
allows an increase in oxygen concentration and ionic portion, but if the polymer 
layer is too thick inside the pores it limits mass transport by retarding the access of 
gas to active sites. The optimal Nafion loading (0.67 mg cnf 2 ) minimizes charge 
transfer resistance, as well as ionic and gas transport limitations. 



Nation / mu cm'* 

Figure 10.9. Electrochemically active surface (EAS) from cyclic voltammetry as a function 
of Nafion content in the catalytic layer (20 wt% PTFE/C in diffusion layer, 0.2 mg Pt cm 2 
in catalyst layer) [70], (Reproduced from Journal of Power Sources, 77(2), Antolini E, 
Giorgi L, Pozio A, Passalacqua E. Influence of Nafion loading in the catalyst layer of gas- 
diffusion electrodes for PEFC, 136—42, 1999, with permission from Elsevier.) 

The preparation method [71, 72], such as what reducing agents are used, is 
another factor that affects the electrochemical active surface area. Liao et al. [73] 
prepared PtMoSi/C nanocatalysts by chemical reduction using formaldehyde, FE, 
and hydrazine as reducing agents. They found that the EASA of a catalyst prepared 
using formaldehyde (28.4 m 2 g ) is higher than the EASA of one prepared from 
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hydrogen (21.9 nrg ) and hydrazine (21.6 m 2 g ). It was also found that the 
catalyst with n v {.n Mo =3:1 showed higher electrocatalytic activity and better 
tolerance to poisoning species in methanol oxidation than the commercial catalysts, 
which could be ascribed to the high dispersion of Pt nanoparticles on the carbon by 
the addition of silicomolybdic acid. 

2—1 

Table 10.2. Surface area (m g ) of MWCNTs with different tube diameters before and 
after oxidation treatment [74], (Reprinted with permission from J Phys Chem B 
2006; 110:5343-50. Copyright 2006 American Chemical Society.) 


MWCNTs 

As-received 

h 2 so 4 /hno 3 

h 2 so 4 /h 2 o 2 

< 10 nm 


310.5 


20-40 nm 

88.6 

86.4 

92.4 

40-60 nm 


41.0 



Table 10.3. Average crystallite size of Pt nanoparticles, electrochemically active area 
(EAA), peak current density, and mass activity for the methanol oxidation reaction of 
various Pt/MWCNT nanocomposite catalysts. The average size of Pt nanoparticles was 
obtained by XRD analysis [84], (Reproduced from Journal of Power Sources, 161(2), 
Travitsky N, Ripenbein T, Golodnitsky D, Rosenberg Y, Burshtein L, Peled E. Pt-, PtNi- 
and PtCo-supported catalysts for oxygen reduction in PEM fuel cells, 782-9, 2006, with 
permission from Elsevier.) 


Pt/MWCNT catalysts 

Pt 

particle 

size 

(nm) 

Qh 

(mC.cm -2 ) 

EAA 

(m 2 .g~‘) 

Peak 

current 
density at 
0.68 V 
(mA.cnT 2 ) 

Mass 

activity 

at 

0.68 V 
(A.g ') 

As-received MWCNTs 

4.2 

15.5 

31.3 

50.5 

214.9 

MWCNTs by 

h 2 so 4 /h 2 o 2 

3.5 

21.3 

43.0 

64.0 

272.3 

MWCNTs by 

h 2 so 4 /hno 3 

2.9 

27.5 

51.4 

90.3 

384.3 

Pt/MWCNT s-60s 

4.0 

18.8 

38.1 

61.6 

262.1 

Pt/MWCNT s-80s 

3.8 

21.6 

43.7 

71.7 

305.2 

Pt/MWCNTs-100s 

2.9 

27.5 

51.4 

90.3 

384.3 

Pt/MWCNT s-120s 

13.7 

12.5 

25.4 

40 

170.2 

Pt/MWCNTs-10 nm 

2.9 

31.7 

64.3 

101.0 

429.8 

Pt/MWCNTs-30 nm 

2.9 

27.5 

51.4 

90.3 

384.3 

Pt/MWCNTs-50 nm 

4.4 

24.1 

48.8 

74.5 

317.0 

E-TEK 40% Pt/C 

n.a. 

20.5 

41.5 

69.1 

294.4 
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Jiang et al. [74] synthesized Pt electrocatalysts supported on multiwalled 
carbon nanotube (Pt/MWCNT) nanocomposites by a rapid intermittent microwave 
irradiation (IMI) technique for PEFCs and DMFCs. They found that Pt particle size 
and distribution on the MWCNT support are affected significantly by the oxidation 
treatment of MWCNTs, the IMI procedure, and the MWCNT tube diameter or 
surface area. The Pt/MWCNTs prepared with MWCNTs treated by H 2 SO 4 /H 2 O 2 
and H 2 SO 4 /HNO 3 oxidation treatment have a much better distribution and smaller 
sized Pt particles than those prepared without oxidation treatment (by TEM 
micrographs). As shown in Table 10.2, the specific surface area of the MWCNTs 
does not change significantly with the acid oxidation treatment. This indicates that 
the treatment would primarily enhance the functionality or defects of the 
MWCNTs. Table 10.3 shows that for Pt supported on as-received MWCNTs, the 
EAA is 31.3 rrrg '. and for Pt supported on FESO 4 /H 2 O 2 - and H 2 S 0 4 /EIN 03 -treated 
MWCNTs, the EAAs are 43.0 and 51.4 m 2 g l , respectively. Pt/MWCNTs 
synthesized with F^SCVFlNCb-treated MWCNTs have the highest 
electrochemically active surface area, most likely due to the uniform distribution 
and small size of the Pt nanoparticles in comparison to those in a commercial Pt/C 
catalyst. 

In addition, Shen et al. [75] prepared a novel three-dimensional electrode using 
polypyrrole (Ppy) and polystyrene spheres (PS) covered by a platinum catalyst 
instead of the conventional gas diffusion electrode, in order to reduce the sealing 
effect in liquid fuel cells. This new type of porous structured electrode allows 
liquid alcohol to penetrate the catalyst layer quite easily. The approach results in an 
increased active surface area for electrochemical reactions. The electrochemical 
active areas of platinum in Pt/Ppy/PS electrodes and E-TEK Pt/C electrodes, 
calculated by cyclic voltammograms [76, 77], are 4.5 and 23.6 cnrg , 
respectively, indicating a larger EAS for the three-dimensional electrode. 
Preliminary studies show an improved performance for methanol oxidation on a 
three-dimensional electrode as compared with a conventionally prepared electrode 
with the same platinum loading. 

On the other hand, in recent years preparation on ordered mesoporous carbons 
has generated considerable research interest [78-81] because of their prominent 
characteristics, such as high surface area, relatively uniform pore size, and ordered 
pore structure. Zhao et al. [82] synthesized ordered graphitic mesoporous carbon, 
prepared by the chemical vapor deposition (CVD) of benzene in the pores of a 
mesoporous SBA-15 pure-silica template without loading any catalytic species. By 
controlling CVD time, one can avoid the formation of a dense carbon layer on the 
external surfaces of the template particles. The slightly lower BET surface area, 
pore volume, and pore size of carbon samples at CVD time of 2 h (C-2) as 
compared with a CVD time of lh (C-l) may suggest that the longer CVD time 
brought more carbon into the pore channels or onto the external surface of the 
silica template. The electrochemical properties were also evaluated on the Pt/C-1, 
Pt/C-2, and Pt/C (E-TEK). Figure 10.10(a) shows the cyclic voltammograms of 
three catalysts in 0.5 M FESO4. The electrochemical surface area for Pt/C-1 and 
Pt/C-2 is smaller than that for Pt/C (E-TEK). Because of the smaller Pt particle size 
and higher graphitic crystallinity of Pt/C (E-TEK), its mass activity (35 mA/cm 2 ) 
for room-temperature methanol oxidation is higher than that of Pt/C-1 (19 
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mA/cm 2 ) and Pt/C-2 (15 mA/cm 2 ). However, Pt/C-1 and Pt/C-2 displayed a higher 
specific activity than Pt/C (E-TEK), as can be seen in Figure 10.10(b). The 
presence of ordered mesopores of carbon supports C-l and C-2 may also contribute 
to this higher specific activity because of the easy transport of methanol and 
oxidation products through these ordered pores. 



Potential(V) 



Potential(V) 

Figure 10.10. Cyclic voltammograms of Pt/C-1, Pt/C-2, and Pt/C (E-TEK) catalysts, 
measured at a scan rate of 20 mV s " 1 at room temperature in electrolytes of (a) 0.5 M H 2 SO 4 
and (b) 1 M CH 3 OH + 0.5 M H 2 SO 4 [82], (Reprinted with permission from Chem Mater 
2005;17:3960-7. Copyright 2005 American Chemical Society.) 


Although the most widely used supporting material for fuel cell catalysts is 
high-surface-area carbon (such as Vulcan® XC72), at elevated temperatures the 
carbon-to-catalyst contact burns. It has been found that the platinum particles are 
able to catalyze the combustion of the carbon support even at moderate 
temperatures (125-195 °C) [83]. In order to avoid these problems, some have tried 
to synthesize Pt catalysts supported on silica. Peled et al. have synthesized and 
characterized carbon- and silica-supported PtNi and PtCo catalysts via the same 
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electroless-deposition route [84]. Silica- and carbon-supported platinum and 
platinum-alloy catalysts were synthesized by a classic three-step electroless 
deposition method. As shown in Table 10.4, the PtNi- and the PtCo-supported 
catalysts have a smaller crystal size (as low as 2.2 nm) and larger electrochemical 
surface area (up to 57 nrg ) than pure Pt-supported catalysts. Si0 2 -supported 
powders have larger grains and lower ECSAs than the carbon-supported catalysts. 
This is due to the higher degree of agglomeration on their surface, which is 
attributed to the strong interaction of the metal particles with the silica support. The 
ECSAs of carbon-supported catalysts increased by 100% when alloyed with cobalt, 
and by more than 200% in the case of nickel. The enhancement of the ECSAs of 
the Si0 2 -supported powders was comparable to the decrease in the grain size. 

Table 10.4. Effect of alloying on Pt catalyst grain size and ECSA. a Weight percent of the 
metals is calculated from reagent concentrations. b Pure metal lattice parameters: flo(Pt) = 
3.9231 A; a 0 (Ni) = 3.5238 A; a 0 (Co) = 3.5447 A [144], (Reproduced from Journal of 
Electroanalytical Chemistry, 504(1), Shukla AK, Neergat M, Bcra P, Jayaram V, Hegde 
MS. An XPS study on binary and ternary alloys of transition metals with platinized carbon 
and its bearing upon oxygen electroreduction in direct methanol fuel cells, 111-9, 2001, 
with permission from Elsevier.) 


Catalyst 

code 

Catalyst composition 
by EDS a 

Grain 

size 

Maximal ECSA 
[m 2 g -1 ] 

Lattice 

parameters 15 [A 

BN5 

Pt 65%/XC72 

4.3 

18 

3.9151 

BN 13 

Pt 5l Ni 49 65%/XC72 

2.2 

57 

3.8486 

BN 15 

Pt 48 Co 5 2 65%/XC72 

2.7 

32 

3.8732 

BT9 

Pt 93%/Si0 2 

5.8 

3 

3.9182 

BT14 

P4 5 Ni 55 85%/Si0 2 

3.2 

6 

3.8204 

BT15 

Pt72Co 2 8 85%/SiO2 

3.7 

5 

3.8767 


10.4 Morphology of Catalysts and Their Active Components 

Electron microscopes use a beam of highly energetic electrons to examine objects 
on a very fine scale. This examination can provide information on topography, 
morphology, and composition. 

10.4.1 Scanning Electron Microscopy (SEM) 

The Scanning Electron Microscope (SEM) is the premiere instrument in the 
generation of topographical images and elemental information, due to its superb 
resolution. The SEM uses light with a wavelength of 0.12 Angstroms, resulting in a 
resolution limit of 1 million diameters magnification of lOx to 10,000x with 
virtually unlimited depth of field. 

The SEM uses a beam of electrons to scan the surface of a sample and build a 
three-dimensional image of the specimen. Electrons are generated in the electron 
gun. The most commonly used is a tungsten-hairpin gun in which a tungsten 
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filament serves as the source of electrons. By applying a current through the 
filament, the tungsten wire heats up and electrons are emitted. When the electron 
beam hits the sample, the interaction between the beam electrons from the filament 
and the sample atoms generates a variety of signals. Depending on the sample, 
these signals can include secondary electrons (electrons from the sample itself), 
backscattered electrons (beam electrons from the filament that bounce off the 
nuclei of atoms in the sample), X-rays, light, heat, and even transmitted electrons 
(beam electrons that pass through the sample). The secondary electron detector will 
detect low-energy electrons produced near the surface of the specimen, providing a 
predominantly topographical image. The back-scattered electron detector will 
detect high-energy electrons that have been scattered backward, and provide 
information about the differences in atomic number within a sample. The SEM’s 
primary imaging method operates through the collection of those secondary 
electrons that are released by the sample. 

Secondary Electron Imaging (SEI) works on the principle that this electron 
beam generates a “splash” of electrons with kinetic energies much lower than those 
of the primary incident electrons. Because of these “secondary” electrons’ low 
energies and low penetration depth, their detection as a function of primary beam 
position makes it possible to attain high magnifications (as much as 100,000x in 
some cases) and high resolutions (up to ~40 A resolution) without extensive 
sample preparation or damaging the sample. These secondary electrons are 
detected by a scintillation material, which is a radiation detector that produces 
flashes of light from the electrons. The light flashes are then detected and amplified 
by a photomultiplier tube. 

Unlike the light microscope, in which light forms an instant “real image” of the 
specimen, the electrons in an SEM do not form a real image. Instead, the SEM 
scans its electron beam line by line over the sample. This is much like using a 
flashlight in a dark room to scan the room from side to side. A fast scan, which 
takes a couple of seconds, can generate a very grainy image. A slow scan produces 
a clear, sharp image but takes a minute or two to complete. 

An SEM system with the various detectors can provide high-resolution 
imaging, quantitative elemental analysis of the “bulk” material, and fast elemental 
mapping, as well as other benefits. 

10.4.2 Transmission Electron Microscopy 

The Transmission Electron Microscope (TEM) was the first type of electron 
microscope to be developed and is patterned exactly on the Light Transmission 
Microscope, except that a focused beam of electrons is used instead of light to “see 
through” the specimen. It was developed by Max Knoll and Ernst Ruska in 
Germany in 1932, 35 years after J. J. Thompson’s discovery of the electron. The 
technique quickly surpassed the resolution of optical microscopy, and in 1938 the 
first commercial instruments began to be produced by the Siemens-Halske 
Company in Berlin [85]. 

Using an electron microscope offers the advantages of increased magnification 
and resolution. The TEM passes an accelerated electron beam through a thin 
sample (50-300 A). Some of the electrons are scattered by the atoms in the sample. 
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A phase distortion is created, resulting in a phase contrast that is used to create the 
image. The TEM enables the operator to see the “inside” of the sample rather than 
the surface. 

The much lower wavelength of electrons makes it possible to achieve a 
resolution a thousand times better than that of a light microscope. However, in a 
TEM, in contrast to a light microscope, there is no change in the refractive index of 
the medium when the illumination beam is deflected; the vacuum in the lens is the 
same as the vacuum in the column. Deflection in a TEM is due to the 
electromagnetic properties of the lens, which are defined by electromagnetic plates 
that are only able to influence the path of the electrons, since all of the electrons 
carry a negative charge. The plates have a similar function to the glass lenses in a 
light microscope, in that they produce a deviation in the trajectory of the electrons 
from a point source, which causes them to converge at a single focal point. In this 
way, the electron beam is focused precisely. The TEM builds an image by way of 
differential contrast. Those electrons that pass through the sample go on to form 
the image, while those that are stopped or deflected by dense atoms in the 
specimen are subtracted from the image. In this way a black and white image is 
formed. 

The main use of the Transmission Electron Microscope is to examine the 
structure, composition, or properties of a specimen in submicroscopic detail. One 
can see objects to the order of a few Angstroms (10 10 m). For example, it is 
possible to study small details in a cell or within inorganic materials down to near- 
atomic levels. The possibility for high magnifications has made the TEM a 
valuable tool in numerous fields such as biological, medical, and materials 
research. 

10.4.3 Typical Examples 

Catalytic activity is closely dependent on the method of preparation, so 
considerable attention has been focused upon new preparation methods to improve 
the performance of carbon-supported platinum alloy catalysts in DMFC 
applications. The simultaneous reduction of metal salts [86-88], microwave- 
assisted reactions [89, 90], micro-emulsion-based synthesis [91-93], and the 
reduction of single-source molecular precursors [94-99] have been used to various 
extents. 

Platinum electrocatalysts are dispersed as small particles on high surface area 
conductive supports for effective use of costly Pt. The size of platinum particles, 
therefore, plays an important role in the oxygen reduction kinetics for fuel cell 
applications, in terms of both electrocatalytic activity and practical application of 
catalysts. Carbon-supported platinum shows a large surface area and increased 
catalytic activity. Alloy catalysts with various transition metals have been 
employed to increase the catalytic activity and reduce the cost. Various Pt-based 
alloy catalysts (binary, ternary, and quaternary alloy) have been tested over the last 
two decades. Many researchers have reported that Pt-based alloy catalysts show 
not only higher activity than Pt alone, but also exhibit good performance in the 
ORRs in PEFCs and DMFCs [100-108], 
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Supported PtRu alloys are so far considered the best anodic materials for 
DMFC [109, 110]. It is well known that the oxidation of methanol on platinum 
catalysts generates CO as an intermediate, which is a poison that adsorbs on the 
active sites of the catalyst. Ru forms oxygenated species at lower potentials than Pt 
and its presence in the catalyst promotes the oxidation of CO to C0 2 , through the 
so-called bifunctional mechanism [111, 112]. 

Liu et al. [113] prepared PtRu nanoparticles supported on Vulcan XC72 carbon 
and carbon nanotubes by a microwave-assisted polyol process. Figure 10.11 
presents typical TEM images of Vulcan-carbon-supported and CNT-supported 
catalysts, showing a remarkably uniform and high dispersion of metal particles on 
the carbon surface. The average diameters of 3.9±0.3 nm for PtRu/Vulcan carbon 
and 3.5±0.3 nm for PtRu/CNTs were accompanied by relatively narrow particle 
size distributions (2-6 nm). The electrooxidation of methanol was studied by cyclic 
voltammetry, linear sweep voltammetry, and chronoamperometry. It was found 
that both PtRu/C catalysts had high and more durable electrocatalytic activities for 
methanol oxidation than a comparative Pt/C catalyst. Preliminary data from a 
direct methanol fuel cell single stack test cell using the Vulcan-carbon supported 
PtRu alloy as the anode catalyst showed high power density. 



Figure 10.11. TEM images of microwave-synthesized PtRu nanoparticles supported oil 
different carbon samples: (a) Vulcan XC72 carbon; (b) carbon nanotubes (nominal Pt 
loading, 20 wt%; Ru loading, 10 wt%) [113], (Reprinted with permission from Langmuir 
2004;20:181-7. Copyright 2004 American Chemical Society.) 

The reduction procedure also affects the particle size in the catalyst. Lee et al. 
[114] compared carbon-supported PtRu nanoparticles prepared by different 
methods that involve the simultaneous chemical reduction of H 2 PtCl 6 and RuC1 3 by 
NaBH 4 at room temperature (PtRu-1), by ethanol under reflux (PtRu-2), and by the 
thermal decomposition of a single-source molecular precursor [(bipy) 3 Ru] (PtCl 6 ) 
(PtRu-3). Transmission electron microscopy (TEM) examinations show that the 
mean diameter of the PtRu nanoparticles is lowest for PtRu-1 (3.8 nm), followed 
by PtRu-2 (6.96 nm) and PtRu-3 (8.4 nm). Despite the fact that PtRu-3 from the 
single-source molecular precursor has the largest average particle diameter, it 
displays the lowest onset potential and the highest current density for methanol 
oxidation at room temperature. It is also the most CO tolerant among the three 
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differently prepared catalysts. This is attributed to the formation of a more 
homogeneous alloy nanoparticle. 

In addition, Xin et al. [115] prepared multiwalled carbon nanotube-supported Pt 
(Pt/MWCNT) nanocomposites by both the aqueous solution reduction of a Pt salt 
(HCHO reduction) and the reduction of a Pt ion salt in ethylene glycol solution 
(EG). For comparison, a Pt/XC72 nanocomposite was also prepared by the EG 
method. The Pt/MWCNT catalyst prepared by the EG method has a high and 
homogeneous dispersion of spherical Pt metal particles with a narrow particle-size 
distribution. 

Figure 10.12(a) is the micrograph of Pt/MWCNT (A) catalyst (prepared by the 
HCHO method). Pt clusters agglomerate to some extent and disperse on the surface 
of MWCNTs nonhomogeneously; Pt particles have a wide particle-size distribution 
ranging from 2 to 9 nm (Figure 10.13(a)) with a mean particle size of 3.4 nm. In 
contrast, in the Pt/MWCNT (B) sample (reduced by the EG method), as shown in 
Figure 10.12(b), a high and homogeneous dispersion of spherical Pt metal clusters 
is obtained. 



Figure 10.12. Blight-field TEM micrographs of (a) Pt/MWCNT (A) (prepared by the 
HCHO method), (b) Pt/MWCNT (B) (prepared by the EG method), and (c) Pt/XC72 
(prepared by the EG method) nanocomposites [45], (Reprinted with pennission from J Phys 
Chem B 2003;107:6292-9. Copyright 2003 American Chemical Society.) 

The histogram of Pt particle-size diameters for Pt/MWCNT (B) shows that the 
Pt particles have a narrow size dispersion ranging from 2 to 5 nm, with its peak 
centered at 2.6 nm. Pt particles are located on both the inner and outer surfaces of 
the MWCNTs. It appears that these MWCNTs have similar diameters (Figure 
10.12(a) and (b)); however, the distribution of Pt particles is very different. The 
dispersion of Pt particles may be correlated with the oxidation of MWCNTs (i.e., 
more surface functional groups, caused by the oxidation of the MWCNT surface, 
appear to result in a higher density of Pt particles). The oxidized MWCNTs are 
more homogeneous in an EG solvent than in an aqueous solvent; perhaps this 
factor also determines the Pt distribution on MWCNTs because Pt precursors 
interact with MWCNTs better in EG solvents, which results in more Pt deposition 
on the support. In the case of XC72 carbon (Figure 10.12(c)), a similar experiment 
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results in the formation of a similar Pt particle distribution (2-4 nm) with particles 
having an average diameter of 2.2 nm. This implies that the EG synthesis method 
could lead to the formation of homogeneous small particles on different carbons 
(MWCNTs or XC72). In the case of the direct methanol fuel cell (DMFC) test, the 
Pt/MWCNT catalyst prepared by EG reduction is slightly superior to the catalyst 
prepared by aqueous reduction and displays significantly higher performance than 
the Pt/XC72 catalyst. These differences in catalytic performance between the 
MWCNT-supported or the carbon black XC72-supported catalysts are attributed to 
a greater dispersion of the supported Pt particles when the EG method is used, in 
contrast to aqueous HCHO reduction and to possible unique structural and higher 
electrical properties when contrasting MWCNTs with carbon black XC72 as a 
support. 




Diameter (nm) 

Figure 10.13. Histograms of Pt metal particle diameters for lianocomposites (a) 
Pt/MWCNTs (A), (b) Pt/MWCNTs (B), and (c) Pt/XC72. The size distribution and the 
mean size of the Pt particles of the catalysts were obtained by measuring more than 200 
particles from bright-field micrographs [45], (Reprinted with permission from J Phys Chem 
B 2003;107:6292-9. Copyright 2003 American Chemical Society.) 

Hyeon et al. [116] successfully synthesized carbon nanocoils composed of 
nanometer-thick graphitic fibers by the catalytic graphitization of a resorcinol- 
formaldehyde gel. The carbon nanocoils were applied as electrode materials for 
direct methanol fuel cells. The SEM image reveals that the carbon materials 
consisted of particles approximately 100 nm in diameter (Figure 10.14(a)). The 
TEM image (Figure 10.14(b)) shows that each individual particle is composed of 
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5-10 nm thick coils. The HR-TEM image (Figure 10.14(c)) of a single nanocoil 
exhibits well-aligned graphitic layers. In order to evaluate the electrocatalytic 
activity of carbon-supported catalysts (Pt/Ru 1:1 alloy catalyst, 60 wt%), the 
methanol oxidative current of the catalysts was measured using a fundamental 
electrochemical system. It was found that the CNC-supported catalyst exhibited a 
substantially higher specific oxidation current of 80 A g 1 at 0.4 V (versus a normal 
hydrogen electrode (NFIE)) near the kinetically controlled potential in the methanol 
reaction, compared to 20 A g 1 for the Vulcan XC72 supported catalyst and 14 A 
g 1 for the E-TEK supported catalyst. 



Figure 10.14. Electron microscope images of carbon nanocoils: a) field emission scanning 
electron microscope (FE-SEM) image, b) transmission electron microscope (TEM) image, 
and c) high-resolution transmission electron microscope (HR-TEM) image [116]. (Hyeon 
T, Han S, Sung YE, Park KW, Kim YW. High-performance direct methanol fuel cell 
electrodes using solid-phase-synthesized carbon nanocoils. Angew Chem Int Ed 
2003;42:4352-6. Copyright Wiley-VCH Verlag GmbH & Co.KGaA. Reproduced with 
permission.) 

Carbon nanotubes (CNTs) are a subject of great interest given their unique 
structure and excellent properties. They offer potential applications in electronic 
devices, catalysts, sensors, field-emission devices, and hydrogen-storage media 
[117-125]. The size and morphology of CNTs enable them to be a suitable catalyst 
support in which active metal particles may disperse on the external walls or be 
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encapsulated in the interior of the nanotubes. The metal particles on the external 
walls make contact with the reactant molecules more easily than do those 
encapsulated inside the internal channels of the CNTs [126-128]. The 
electrocatalytic mass activity of Pt clusters in a periodic array of ordered 
nanoporous carbon is higher than that of platinum in carbon black samples, and 
thus the former is suitable for oxygen reduction [129]. 

We conclude that carbon nanocoils (CNCs) are an excellent support for the 
electrodes of direct methanol fuel cells. Further, the CNC maintains stable catalytic 
activity by measuring power density versus time for up to 100 hr in a DMFC unit 
cell in the performance of fuel cells; since the durability of the electrode is 
significant for long-term applications, it is believed that the CNC is a highly 
promising electrode for long-term fuel cells. Flowever, since the issue of durability 
and stability of the fuel cell electrode is very important, more in-depth study of 
these characteristics is still underway. 


10.5 The Structure and Crystallography of Surface and Small 
Active Component Particles 

10.5.1 Principles of Electron Spectroscopy for Chemical Analysis (ESCA) 

Surface phenomena, a very common and yet extremely complicated subject, are 
with us in our daily lives as well as in our scientific research, such as studies in 
catalysis, adsoiption, adhesion, corrosion, enzymatic reactions, and various solid 
state surfaces and interfaces. Surface analysis is the most direct and effective way 
to gain a fundamental knowledge of surface phenomena. Among the known 
surface-sensitive techniques and instruments, electron spectroscopy for chemical 
analysis (ESCA) is the most important and useful method for surface analysis. In 
addition to its surface sensitivity, ESCA is uniquely capable of providing surface 
chemical information such as oxidation state, chemical bonding, and precise sites 
of atoms in relation to crystal structure, as well as elemental compositions. In 
recent years ESCA has grown in popularity as a general analytical tool for every 
scientist dealing with surface properties of various materials. K. Siegbahn was 
awarded the Nobel Prize in 1981 partly for his pioneering work in ESCA. 

ESCA involves energy analysis of electrons emitted from a surface after it has 
been bombarded with X-ray photons, ultraviolet photons, or electrons. If a material 
is irradiated with monochromatic photons (fixed energy) of frequency v, the 
photons may be absorbed, resulting in the emission of electrons. The energetics of 
the process can be defined by the Einstein relation: 

hv = E B + E k 

where E B is the ionization energy or binding energy of the /dh species of electron in 
the material, and fs K is the kinetic energy of the ejected electron [130], The binding 
energy E B can be deduced if the E K can be measured using an electron energy 
analyzer. E^ is specific for a given electron in a given element. Thus, all the 
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methods of ESCA use the fact that some of the electrons ejected have energies 
characteristic of particular combinations of energy levels in the solid and so are 
characteristic of the types of atoms contained in the solid. In addition to elemental 
analysis and chemical state identification, ESCA allows the investigation of 
electronic structure, providing a picture of molecular orbitals for gas-phase species, 
valence band density of states, and core-level electron-binding energies for solids. 

10.5.2 X-ray Photoelectron Spectroscopy (XPS) 

In XPS the radiation is X-ray electrons. They are usually obtained from X-ray 
tubes with aluminum or magnesium anodes, which give lines at 1487 eV and 1254 
eV, respectively. XPS, in common with other branches of electron spectroscopy, is 
essentially a surface analysis tool. It can be used to study electrons in both valence 
band and core states because the X-rays have sufficient energy for ionization of 
core levels in all elements of the periodic table except H and He (since these have 
no core levels), and the binding energies of these core levels are sufficiently unique 
to allow unambiguous assignment. XPS can be used to identify the atoms at 
surfaces by comparing the observed lines with either calculated core level binding 
energies or experimentally derived spectra from standards. Even though the 
electrons come from the inner core shells, their binding energies are affected by the 
state of chemical combination (e.g., the oxidation state), as this changes the 
effective force field of the nucleus. Hence, E B exhibits a sensitivity to the chemical 
environment of the emitting atom (chemical bonding information), a chemical shift 
amounting to a spread of up to about 10 eV for many elements. On the other hand, 
XPS can be applied to bulk samples only if the surface is representative of the bulk 
composition. In many materials, the surface can be etched away gradually through 
bombardment by such projectiles as ions of argon. This makes it possible to 
examine the chemical elements present at successive depths within a sample by 
running an electron spectrum after each short treatment with ions. In addition to 
qualitative analysis, XPS can be applied for quantitative analysis because the 
number of emitted electrons is a function of the number of atoms on the surface. 

Among all the methods of ESCA, XPS has been found to show the greatest 
applicability. It has been widely used for the surface characterization of materials, 
especially catalysts. As addressed above, XPS analysis can give sufficient 
information about the qualitative and quantitative elemental surface composition of 
a catalyst, the oxidation state of an atom, the chemical environment, and so forth. 
The following paragraphs give some typical analysis examples of XPS for fuel cell 
catalysts. 

Polymer electrolyte and direct methanol fuel cells (PEFCs and DMFCs) are the 
most promising power sources for applications such as electric vehicles and 
electronic portable devices, due to their high power density, relatively quick 
startup, rapid response to varying loading, and low operating temperature [131]. Pt- 
based catalysts are the most important electrocatalysts in these fuel cells [132]. It 
has been widely reported that the catalytic activity of a Pt-based catalyst for the 
oxygen reduction reaction (ORR) and the methanol oxidation reaction in fuel cells 
is highly dependent on the oxidation states of the Pt crystallites on the surface of 
the catalyst [133, 134], The oxidation states of Pt and the crystallites’ contents can 



514 S. Liao, B. Li and Y. Li 


be determined by XPS. Tian et al. [135] doped Pt on multiwalled carbon nanotubes 
(Pt/MWCNTs) by a rapid intermittent microwave irradiation (IMI) technique for 
PEFCs and DMFCs. The PtO x (x = 1,2) species was first deposited on the surface 
of MWCNTs by the IMI technique and subsequently reduced to Pt(0) with 
HCOOH. The reduction of PtO x to Pt metal was confirmed by XPS analysis. XPS 
spectra of Pt/MWCNT nanocomposites before and after the reduction treatment are 
presented in Figure 10.15. Before the reduction treatment, the Pt 4f spectra were 
characterized by a doublet containing binding energies of 72.85 eV (Pt 4f7/2) and 
76.2 eV (Pt 4f5/2) (Figure 10.15(a)). The two peaks had a binding energy 
difference of 3.35 eV and a peak area ratio of 4:3 that corresponds to the 
characteristic peaks of the Pt 4f(II). This indicates that most of the Pt species in 
Pt/MWCNT nanocomposites existed as Pt(II) before the reduction treatment. The 
Pt 4f spectrum can be deconvoluted into three species with binding energies of 
71.1-74.4, 72.8-76.1, and 74.3-77.6 eV, which correspond to Pt(0), Pt(II), and 
Pt(IV), respectively. On the basis of the areas of Pt 417/2, the relative intensities of 
Pt(0), Pt(II), and Pt(IV) were calculated as 11.4%, 67.8%, and 20.8%, respectively. 
This indicates that the predominant Pt species in the Pt/MWCNTs before the 
reduction treatment were PtO and Pt02- 
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Figure 10.15. XPS spectra of the Pt/MWCNT nanocomposites. (a) Pt 4f spectra of the 
catalyst before reduction treatment; (b) Pt 4f spectra of the catalyst after reduction treatment; 
(c) XPS survey scan spectra of the nanocomposites before and after reduction treatment 
[135], (Reprinted with permission from J Phys Chem B 2006;110:5343-50. Copyright 2006 
American Chemical Society.) 
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The XPS spectra of the Pt/MWCNTs after reduction treatment were 
represented by the binding energies of Pt 4f7/2 and Pt 4f5/2 at 71.1 eV and 74.4 
eV, respectively, characteristic binding energies of Pt(0) (Figure 10.15(b)). The 
relative intensities of Pt(0), Pt(II), and Pt(IV) were 70.5%, 20.5%, and 8.0%, 
respectively. The results indicate that most of the PtO x in the Pt/MWCNTs after the 
reduction treatment is reduced to metallic Pt. 

A survey XPS scan on a material can provide a qualitative analysis of the 
elemental composition on the surface. The XPS survey scan spectra of Pt/MWCNT 
nanocomposites before and after reduction treatment are shown in Figure 10.15(c). 
Elements of Pt, Cl, C, and O existed in the Pt/MWCNT nanocomposite before the 
reduction treatment. Flowever, the Cl 2p peak vanished after the reduction, 
indicating removal of chloride ions in the reduced sample. The removal of halide 
ion impurities such as Cl" can improve the activities of the catalyst for CO 
oxidation and also direct methanol oxidation reactions in fuel cells [136, 137]. 

One of the most significant barriers to the widespread commercialization of 
PEFCs and DMFCs is the high cost of Pt. It is important to reduce the amount of 
noble metal in the catalyst while retaining a high electrocatalytic activity. One way 
to achieve this goal is to use bi- or tri-metallic catalysts combining platinum with 
other metals such as Ni, Co, Fe, Cu, Mo, Bi, and V in order to obtain PtM (M = 
metal) alloys. These alloys of transition metals with platinum have been found to 
exhibit significantly higher electrocatalytic activities towards the oxygen-reduction 
reaction than platinum in fuel cells [138-143]. XPS is a powerful technique for 
quantifying the surface oxidation states of the individual components of binaiy 
and/or ternary surface alloys. Shukla et al. [144] synthesized several binary and 
ternary alloys of transition metals with platinized carbon, and investigated their 
catalytic performances in the oxygen reduction reaction in solid polymerelectrolyte 
direct methanol fuel cells. The overall contents of metals in the catalysts were 20 
wt%. The electrocatalysts were characterized by XPS to determine the valence 
states of the elements, compositions, and atomic ratios of the metal components. 
Figure 10.16 shows the Pt(4f) X-ray photoelectron spectra of the electrocatalysts. 
The spectra could be deconvoluted into three components labelled as 1,2, and 3, 
which are ascribed to Pt metal, PtO, and PtC >2 signals, respectively. The relative 
intensities of the three components in each catalyst can be obtained from the areas 
for Pt 4f7/2. Among these electrocatalysts, Pt-Co/C was shown to possess a 
minimal amount of platinum oxides (Figure 10.16(b)). 

The Cr(2p), Co(2p), and Ni(2p) X-ray photoelectron spectra for the samples 
were also studied, and the oxidation states of Cr, Co, and Ni as well as their 
relative intensities were obtained. From these data it was found that the Pt-Co/C 
sample had the lowest overall oxidizing components among the binary- and 
ternary-alloy electrocatalysts. Surface atomic ratios for Cr:Pt, Co:Pt, and Ni:Pt of 
the carbon supported electrocatalysts, obtained from their respective X-ray 
photoelectron spectra, are summarized in Table 10.5. The results indicate some 
surface enrichment of platinum metal in all the binary-alloy electrocatalysts, 
namely Pt-Cr/C, Pt-Co/C, and Pt-Ni/ C. However, a surface enrichment of base 
metals was found in the ternary-alloy electrocatalysts, as can be seen from Table 
10.5. The results suggest a higher electrocatalytic activity towards the oxygen 
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reduction reaction on the Pt-Co/C electrocatalyst, due to the surface enrichment of 
Pt sites and the low metal oxide content in the electrocatalyst. 




Figure 10.16. XPS of Pt(4f) core level region of (a) 20 wt% Pt-Cr/C, (b) 20 wt% Pt-Co/C, 
(c) 20 wt% Pt-Ni/C, (d) 20 wt% Pt-Co-Cr/C, and (e) 20 wt% Pt-Co-Ni/C electrocatalysts 
[144], (Reproduced from Journal of Electroanalytical Chemistry, 504(1), Shukla AK, 
Neergat M, Bera P, Jayaram V, Hegde MS. An XPS study on binary and ternary alloys of 
transition metals with platinized carbon and its bearing upon oxygen electroreduction in 
direct methanol fuel cells, 111-9, 2001, with pennission from Elsevier.) 

Another obstacle for DMFC applications is the low catalytic activity of 
electrodes for both the oxygen reduction reaction and the methanol oxidation 
reaction. It is well known that the catalytic activity of an electrocatalyst is strongly 
dependent on the particle dispersion of the active components. Many doping 
techniques have been explored to widely distribute the active components on the 
catalyst supports [145-148], In addition to the synthesis method, catalyst support 
also plays an important role in the dispersion of active components. Carbon 
materials with high surface areas (e.g., Vulcan XC72 carbon black) have been 
widely employed as electrocatalyst supports to enhance the dispersion of metal 
nanoparticles and thus to increase the utilization of the precious metal catalyst 
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[133]. However, the pristine surface of carbon materials is inert, making it a 
difficult substrate on which to attach metal deposits. Therefore, it is very important 
to develop effective techniques to improve adhesion through surface modification 
of carbon materials before metal deposition. Oxidation is a popular method, and 
many oxidants, such as HN0 3 , KMn0 4 , and HN0 3 /H 2 S0 4 , have been used [149— 
151]. Li et al. [152] functionalized carbon nanotubes (CNTs) with high yields by 
treatment of CNTs in HN0 3 or H 2 S0 4 -K 2 Cr 2 07 and then doping Pt on the 
functionalized carbon nanotubes. It was found that platinum nanoparticles 1-5 nm 
in diameter were highly dispersed on the functionalized CNTs. Activity tests using 
a single stack PEM fuel cell showed that the Pt/CNT electrodes exhibited high 
electrocatalytic activity for oxygen reduction. XPS analyses were applied to 
examine the surface states of these carbon nanotube materials after modification. 
The O Is spectra of the pristine and oxidized carbon nanotubes are compared in 
Figure 10.17, where it can be seen that a small amount of oxygen due to adsorbed 
oxygen species was detected on the pristine carbon nanotubes. A high density of 
oxygen-containing species was observed on the carbon nanotube surface after the 
HN0 3 or K 2 Cr 2 0 7 /H 2 S0 4 oxidative treatment (lines b and c of Figure 10.17). The 
shape of the functionalized carbon nanotubes at the high-energy side demonstrates 
the presence of highly oxidized components in double-bond-oxygen and acid 
configurations. The oxygen binding energies were shifted to higher values, 
indicating oxidation-induced acid-bonding characteristics. The higher binding 
energy in spectrum c suggests that the electrons in oxygen were more strongly 
bound to the surface carbon. This could be due to the use of different oxidation 
treatments (HN0 3 vs. K 2 Cr 2 0 7 ). 

Table 10.5. Atomic ratios of the metal components in the electrocatalysts [144], (Reprinted 
from Journal of Electroanalytical Chemistry, 504, Shukla AK, Neergat M, Bera P, Jayaram 
V, Hegde MS. An XPS study on binary and ternary alloys of transition metals with 
platinized carbon and its bearing upon oxygen electroreduction in direct methanol fuel cells, 
111-9, 2001, with permission from Elsevier.) 


Electrocatalyst 

Cr:Pt 

Co:Pt 

Ni:Pt 

20 wt% Pt/C 




20 wt% Pt-Cr/C 

0.86 (0.67) a 



20 wt% Pt-Co/C 


0.84 (0.72) a 


20 wt% Pt-Ni/C 



0.86 (0.64) a 

20 wt% Pt-Co-Cr/C 

1.2 (0.53) a 

0.54 (0.43) a 


20 wt% Pt-Co-Ni/C 


0.60 (0.42) a 

0.57 (0.33) a 


Values in parentheses indicate the bulk atomic ratios. 
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Figure 10.17. XPS measurements showing the effect of oxidation on the Ols spectra of 
CNTs: (a) pristine; (b) HN0 3 -treated CNTs; (c) K 2 Cr 2 C> 7 /H 2 S 04 -treated CNTs [152], 
(Reproduced with permission from Langmuir 2002;18:4054-60. Copyright 2002 American 
Chemical Society.) 

Yttria-stabilized zirconia (YSZ) have been widely used as solid-state 
electrolytes for a range of applications such as solid oxide fuel cells, because of 
YSZ’s high oxide ion conductivity and good stability. Atomic layer deposition 
(ALD) is an advanced chemical vapor deposition technique that can be a promising 
fabrication method to grow ultrathin doped oxide films, because the composition of 
ALD films can be altered at each atomic layer according to the desired ratios [153, 
154]. Film composition of the YSZ membrane at various depths can be 
characterized by XPS analysis with the help of Ar ion surface etching. Shim et al. 
[155] synthesized YSZ films on Si 3 N 4 -buffered Si(100) wafers by using the ALD 
technique for solid oxide fuel cells. From the XPS compositional analysis, the 
measured yttria content was increased proportionally to the pulse ratio of Y/Zr. 
YSZ films with a target stoichiometry ((Zr02)o.92(Y 2 03)o.o8: 8% YSZ) were grown 
by employing a mix of pulse numbers, Zr/Y = 7:1 from XPS analysis. The film 
composition versus depth was also measured by XPS analysis with the help of Ar 
ion surface etching. The XPS depth profile of the YSZ films is shown in Figure 
10.18. It can be seen that the composition of the films was 7-8% yttria, and 
remained similar through the entire film thickness. The XPS analysis results 
indicate that ultrathin YSZ films with uniform compositions were successfully 
synthesized using the ALD technique. 
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Figure 10.18. XPS depth profile of ALD YSZ films grown on SplS^ substrates with pulse 
number ratio Zr/Y = 7:1 [155], (Reproduced with permission from Chem Mater 
2007;19:3850-4. Copyright 2007 American Chemical Society.) 

10.5.3 UV-induced Photoelectron Spectroscopy (UVPS) 

The threshold energy for ionization may be as little as 1.5 eV in the case of metals, 
but is usually far in excess of 5 eV for gaseous atoms or molecules. Thus, 
photoionization usually requires photons in the far ultra-violet (UV) region of the 
electromagnetic spectrum. In UVPS the source of radiation is usually a helium 
discharge lamp, which can be made so as to operate at 21.2 eV and 40.8 eV. Only 
valence electrons can be observed by UVPS because the helium radiation has 
insufficient energy to eject deep core electrons. Although the main characteristics 
of the valence band structure observed by UVPS do agree with those observed by 
XPS, considerably more structural information is available through the former, 
which provides an opportunity to obtain direct information about bonding, 
oxidation states, and molecular ionization potentials. However, it may not be 
possible to associate special peaks with individual atoms because of delocalization 
of electrons in molecular orbitals. Simple molecules can be identified using UVPS 
as a fingerprint technique. Therefore, UVPS does not appear to be an analytical 
tool comparable in versatility to XPS. UVPS is usually used in combination with 
other surface analysis techniques (e.g., XPS) to investigate the valence band 
structure of metals, alloys, semi-conductors, various adsorption phenomena, etc. 

Ru-based catalysts have been identified as highly active catalysts for ammonia 
synthesis [156]. The catalytic activity of an Ru-based catalyst can be improved by 
the addition of alkali or earth-alkali promoters [157, 158]. Many kinetic and 
theoretic studies have been carried out in order to understand the role of these 
promoters in ammonia synthesis. Guraya et al. [159] investigated the alkali- and 
earth-alkali-promoted ruthenium catalysts supported on graphitized carbon by 
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means of XPS and UVPS, in order to study the effect of promoters on the 
electronic structure of this metal-support system. The XPS and UVPS spectra are 
shown in Figure 10.19. The C Is XP spectra of reduced alkali-promoted catalysts 
showed a shift towards higher binding energies and an asymmetric broadening. 
However, neither nonpromoted nor Ba-promoted Ru/C samples exhibited such 
behavior after similar reduction treatments. Similarly, the UVP spectra of the Ru/C 
and Ba-Ru/C samples recorded after reduction did not show significant changes. 
The most important feature in the UVP spectra of the reduced alkali-promoted 
catalysts was the appearance of a well-defined Fermi edge, absent in the 
semimetal-like electronic structure of graphite (at essentially 0.0 eV). This implies 
an increase in the density of states at the Fermi level, indicating a shift of this level 
into the conduction band due to a charge transfer from the promoter to the graphite 
support. The Fermi level shift observed by UVPS can also be interpreted as a shift 
towards higher C Is binding energy and asymmetric broadening in XP spectra, due 
to the offset introduced in the binding energy scale and the increasing probability 
of inelastic excitations near the Fermi level. 




Binding Energy (eV) 


Figure 10.19. C Is XP spectra (left panel), and UVP spectra (right panel) of all Ru-based 
samples, as prepared and after reduction [159], (Reproduced from Applied Surface Science, 
238(1—4), Guraya M, Sprenger S, Rarog-Pilecka W, Szmigiel D, Kowalczyk Z, Muhler M. 
The effect of promoters on the electronic structure of ruthenium catalysts supported on 
carbon, 77-81, 2004, with permission from Elsevier.) 
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Pt-based electrocatalysts in fuel cells are severely poisoned by the CO 
intermediate, which is strongly adsorbed on the Pt surface and considerably 
reduces its electroactivity. It has been widely accepted that the addition of Ru to 
Pt-based catalysts can promote CO removal by the so-called “bifunctional 
mechanism” [160, 161]. However, recent theoretical and experimental studies 
suggest that Mo-Pt combinations could be not only much cheaper but even more 
efficient catalysts for CO oxidation than Ru-Pt [162, 163]. To explore more 
effective metal promoters for CO removal, a fundamental understanding of the 
adsorption of CO on the metal promoter is very important. UVPS is a powerful 
surface analysis tool in adsorption studies. It can tell whether the adsorbate species 
on a solid surface is associative or dissociative, because the contributions of the 
two species to the valence electronic structure should be quite different. 



Binding Energy (eV) 


Figure 10.20. A series of UVPS of (a) a clean Re(0001) surface, (b) a clean A1 2 0 3 film, (c) 
molybdenum deposition on the A1 2 0 3 film at 300 K and then (d) annealed at 1000 K [164], 
(Reprinted with permission from J Phys Chem B 2006;110:26105-13. Copyright 2006 
American Chemical Society.) 


Jiang et al. [164] used XPS and UVPS to investigate the adsorption of CO on 
the metallic molybdenum nanoparticles supported on a thin alumina film. 
Molybdenum deposition onto the thin A1 2 0 3 film was achieved by physical vapor 
deposition at room temperature. UVPS was applied to monitor the valence band 
change of the Mo/A 1 2 0 3 model surface upon annealing, as shown in Figure 10.20. 
A new signal developed at 1.70 eV below the Fermi level, corresponding to the 
photoemission of the Mo 4d valence band on the surface. The lower valence band 
edge of the Mo nanoparticles on the film, below the Fermi level of the bulk 
molybdenum, could reduce the likelihood of electron back-donation and make the 
molecular adsorption of CO possible. 
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Figure 10.21 compares the difference in UP spectra for several model systems: 
CO exposure on thin ALO 3 film and the M 0 /AFO 3 model surface, and Mo(CO ) 6 
exposure on thin ALO 3 film. When CO was dosed on the M 0 /ALO 3 model surface 
at 100 K, the valence band emission was observed at 8.8 eV in binding energy, 
corresponding to the valence band emission of the 1 n + 5a orbitals in the adsorbed 
CO. The binding energy of this valence band emission is highly consistent with 
that of molybdenum subcarbonyls. In addition, the difference spectra of the Mo 4d 
valence band showed a weak but distinct emission at 3.5 eV when CO was dosed 
on the M 0 /AI 2 O 3 model surface, as can be seen in the right panel of Figure 10.21. 
This emission was absent in the case of CO exposure on the thin ALO 3 film, but 
was also present in the case of Mo(CO )6 exposure on the film. These results 
indicate that an intermediate carbonyl-like species was formed on the Mo/A1 2 0 3 
model surface upon CO chemisorption. 



Binding Energy (eV) 


Figure 10.21. Comparison of differences in UVPS for (a) CO exposure on thin ALO 3 film, 
(b) CO exposure on a M 0 /ALO 3 model surface, and (c) Mo(CO ) 6 exposure on thin A1 2 0 3 
film. The difference spectrum was obtained by subtracting the spectrum on the surface, after 
exposure to the adsorbates, from the initial spectrum of the corresponding clean surface 
[164], (Reprinted with permission from J Phys Chem B 2006;110:26105-13. Copyright 
2006 American Chemical Society.) 

10.5.4 Energy Dispersive Spectroscopy (EDS) and its Application 

Electrons inelastically scattered within the excitation volume of a specimen deposit 
some energy in many atoms. In order to return to ground state, the atom releases a 
distinct quantum of energy. If the excited atom ejects an inner-shell electron, an 
outer-shell electron fills that vacancy and emits an X-ray having energy equal to 
the difference between the two electron shells. The detection of the X-rays emitted 
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by the specimen during electron-beam excitation is referred to as energy dispersive 
spectroscopy (EDS) or energy dispersive X-ray analysis (EDX). 

K-shell electrons are more tightly bound than L-, M-, or N-shell electrons 
because the latter are progressively farther from the nucleus. For this reason, in a 
given atom K-shell electrons are more energetic than L-shell electrons, which in 
turn are more energetic than M-shell electrons. A given shell can be subdivided 
into a or p levels, i.e., Ka, Kp, La, Lp, etc., and may be further subdivided into 
Kaj, Ka 2 , KPi, KfE, etc. The intensity of the emission will be dependent on the 
probability that a given transition occurs, and that probability increases with a 
decrease in the distance between shells. Elowever, the energy of the X-rays is 
determined by the energy difference between the two shells for a given transition. 

The X-rays emitted carry a characteristic energy and wavelength, which when 
measured will reveal the elemental composition of the specimen. Even if it may not 
be possible to excite or detect all the characteristic X-rays of a given element, in 
general an element may be uniquely identified by the detectable lines. Energy 
dispersive spectrometers are capable of analyzing X-rays in the range of 0.7-20 
keV emitted from elements with atomic numbers > 10. In addition to qualitative 
element analyses, quantitative analyses are possible because the intensity of the 
emitted radiation is proportional to the concentration of that element. But a precise 
quantitative analysis of elemental content cannot be expected, especially when a 
standard sample does not exist. 

EDS is commonly associated with SEM or TEM analysis. A broad area of 
small particles on the SEM or TEM images can be selected for EDS analyses to 
obtain composition information for the selected region. Element mapping with 
EDS can be used to obtain the distribution of elements on the surface. The source 
of the X-rays is manifested as a grouping of extremely bright dots against a dark 
background, indicating where that element is absent. 

Mixed-metal catalysts containing Pt (e.g., Pt-Ru) are currently favored for 
methanol oxidation in direct-methanol fuel cells (DMFCs). Pt-Ru/carbon 
nanocomposites have been prepared by a variety of chemical methods [165, 166]. 
A determination of the synthesized Pt-Ru alloy composition is very important to 
obtain the optimal composition for methanol electrooxidation. EDS analysis has 
been widely used to investigate the composition of the alloy particles [167, 168]. 
Moore et al. [167] prepared a Pt-Ru/Vulcan carbon powder nanocomposite with an 
alloy composition of ~Pt 75 Ru 2 5 using a single-source precursor for the methanol 
electrooxidation catalyst. Figure 10.22 shows a broad-area EDS spectrum of the 
synthesized Pt 7S Ru 2 s/Vulcan carbon nanocomposite. The expected emission lines 
from Pt and Ru were apparent in the figure, indicating the presence of Pt and Ru in 
the nanocomposition. The Cu emissions are attributed to the copper grid of the 
sample holder and the Si emissions to trace amounts of clay present within the 
Vulcan carbon support. The relative integrated intensity of appropriate pairs of Pt 
and Ru emission lines gave a calculated Pt/Ru atomic ratio of 3:1 on the micron 
scale. The Pt/Ru stoichiometiy determined by broad-area EDS is in good 
agreement with the chemical elemental analysis of the nanocomposite, which gave 
a Pt/Ru atomic ratio of Pt 2 . 9 5 Rui. 



524 S. Liao, B. Li and Y. Li 



Figure 10.22. EDS spectrum of PtysR^s/Vulcan carbon nanocomposite [167]. (Reprinted 
with permission from Chem Mater 2003;15:3320-5. Copyright 2003 American Chemical 
Society.) 


To investigate the compositional integrity of individual nanocrystals, the Pt/Ru 
atomic ratios of some randomly chosen nanocrystals (as shown in the TEM 
micrograph in Figure 10.23) within the nanocomposite have been examined by 
high-spatial-resolution energy dispersive spectroscopy (FIR-EDS). The integrated 
intensities of the Pt Lai and Ru Kui i2 emissions from individual alloy nanoclusters 
were collected. A plot of Pt/Ru atomic ratios versus nanoparticle size within the 
nanocomposite is shown in Figure 10.23. The average Pt/Ru ratio for nanoparticles 
was calculated to be 2.84 ± 0.75, which is within one standard deviation of Pt/Ru 
stoichiometiy determined by bulk chemical elemental microanalysis. This indicates 
that gross phase separation of the two metals within the nanocomposite was not 
evident on the nanoscale among the particles examined. 



Figure 10.23. Bright-field TEM micrograph of the nanocomposite (left) and plot of Pt:Ru 
atomic ratios measured by HR-EDS for individual metal alloy nanoparticles (right) [167]. 
(Reprinted with permission from Chem Mater 2003;15:3320-5. Copyright 2003 American 
Chemical Society.) 


Many efforts have been made to find the proper alternative to Nafion at 
elevated temperature operation for PEMFCs, as Nafion degrades at temperatures 
higher than 110-130 °C. It was found that the organic-inorganic composite 
membrane can improve its own mechanical strength and thermal stability at 
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elevated temperatures because the inorganic filler aids in increasing both qualities 
[169]. Zirconium phosphate hydrate is well known as an inorganic filler material. 
Thus, it is attractive to use it to modify the polymer electrolyte membrane. Woo et 
al. [170] prepared a zirconium phosphate composite membrane by soaking the 
sulfonated poly (fluorinated arylene ether)s (SDF-F) stepwise in zirconyl chloride 
and phosphoric acid solution. It was shown that the ZrP-modified membrane was 
much superior to the starting membrane at 100-140 °C. The distribution of Zr and 
P on the surface and through the cross-section of the SDF-F/ZrP membrane was 
investigated by EDS. The SEM photomicrographs and EDS mapping data are 
shown in Figure 10.24, where it can be seen that Zr and P were homogeneously 
distributed over the surface of the SDFF/ZrP membrane (b and c) and through the 
cross-section (e and f). These results demonstrated that the composite membranes 
had nano-sized ZrP within the pores and that the combination of organic polymers 
and inorganic materials was transformed into an interpenetrated network by the 
soaking method. 
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Figure 10.24. SEM images and EDS P-mapping and Zr-mapping of the surface (a-c) and 
cross-section (d-f) of the SDF-F/ZrP membrane [170], (Reproduced from Electrochimica 
Acta, 51(27), Woo MH, Kwon O, Choi SH, Hong MZ, Ha HW, Kim K. Zirconium 
phosphate sulfonated poly (fluorinated arylene ether)s composite membranes for PEMFCs at 
100 -140 °C, 6051-9, 2006, with permission from Elsevier.) 


10.6 Analysis of the Stability of Catalysts by the Thermal 
Analysis Method 

10.6.1 Principles 

Thermal analysis refers to a group of techniques in which some physical property 
of the sample is monitored as a function of temperature while the temperature of 
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the sample, in a specified atmosphere, is programmed. The programme may 
involve heating or cooling at a fixed rate of temperature change, or holding the 
temperature constant, or any sequence of these. 

In thermal analysis, changes in weight form the basis of thermogravimetry 
(TG), in which the weight of a sample is measured as a function of temperature. 
Derivative thermal gravimetry (DTG) is a method of expressing the results of TG 
by giving the first derivative curve as a function of temperature. Therefore, a DTG 
record plots dw/dt, i.e., the rate of weight loss against the temperature T. 
Differential thermal analysis (DTA) is a technique in which the difference in 
temperature (AT) between the sample and an inert reference material is measured 
as a function of temperature. The DTA curve is generally a plot of the difference in 
temperature (AT) as the ordinate against the temperature as the abscissa. Any 
physical or chemical change occurring to the test sample which involves the 
evolution of heat will cause its temperature to rise temporarily above that of the 
reference sample, thus producing an exothermic peak on the DTA plot. Differential 
scanning calorimetry (DSC) is a technique in which the difference in heat flow 
(power) needed to maintain the same temperature between a sample and a 
reference is monitored as a function of temperature. These techniques (TG, DTA, 
and DSC) are the most important in thermal analysis. TG tells us when a sample is 
losing or gaining weight (and how much), while DTA or DSC will tell us if that 
reaction or process is exothermic or endothermic (and often be capable of 
measuring the heat change of that event). Other properties can be measured, 
although the thermal analysis techniques to which they give rise have more limited 
ranges of applications. For example, thermomechanical analysis (TMA) measures 
the dimensional changes as a function of temperature, which is particularly useful 
in the study of metals, alloys, polymers, ceramics, and glasses. Electrothermal 
analysis measures the electrical conductivity as a function of temperature. 

10.6.2 Application 

Thermal analysis has been used to study a wide range of phenomena occurring on a 
large number of materials, e.g., catalysts, polymers, liquid crystals, metals and 
alloys, organic materials, inorganic compounds, ceramics and glasses, etc. There is 
such a variety of applications for thermal analysis that it is not possible to include 
every aspect here. This section presents a representative range of applications of 
the three most widely used techniques (i.e., TG, DTA, and DSC) in thermal 
analysis. 

TG is chiefly used to determine content, as well as the temperature and course 
of decomposition. The selection of atmosphere (e.g., N 2 for pyrolysis, air for 
oxidation) often allows the various components to be distinguished (e.g., coal 
analysis, material analysis). The decomposition temperatures generally differ and 
allow determination of the type and quantity of the components, e.g., hydrates, 
binders, carbonates, copolymers, etc. Isothermal measurements can be used to 
determine adsorption/desorption isotherms of materials in order to reveal the 
geometiy of the surface and pore structure, the sorption capacity and the sorption 
kinetics, etc. 
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DTA and DSC are frequently used to study the same phenomena. The DTA and 
DSC techniques can make accurate measurements of the temperatures of thermal 
events, and can detect the exothermic or endothermic nature of the events. The 
applications of DTA and DSC may be divided roughly into two categories: 

1. Physical changes and measurements. These include melting, crystalline 
phase changes, changes in liquid and liquid crystalline states and in 
polymers, phase diagrams, heat capacity, glass transitions (Tg), thermal 
conductivity, diffusivity, emissivity, etc. 

2. Chemical reactions, for example, dehydrations, decompositions, polymer 
curing, glass formation, oxidative stability, reaction kinetics, etc. 

10.6.3 Typical Examples of Analysis 

Catalyst stability is very important for the long-tem operation of the catalyst in 
practical applications. Thermal analysis has been widely applied as a useful 
method to characterize the stability of catalysts. This section describes some 
representative examples of the application of thermal analysis to fuel cell 
electrocatalysts. 

Platinum supported on high-surface-area carbon materials has been extensively 
investigated as the most active type of catalyst for proton exchange membrane 
(PEM) fuel cells. The advantages of such catalysts under fuel cell operation 
conditions include high surface area, sufficient electronic conductivity, and slow 
catalyst agglomeration. At present, one of the most significant drawbacks 
hindering the large-scale application of PEM fuel cell technology is the loss of 
performance of the Pt/C catalysts during extended operation. A number of 
mechanisms have been proposed for catalyst degradation in performance, including 
catalyst particle sintering, catalyst dissolution, membrane degradation, and 
possibly carbon support corrosion [171, 172]. 

Stevens et al. [173] investigated the thermal stability of the carbon-supported 
platinum electrocatalysts for PEM fuel cells at elevated temperatures under diy air 
conditions, and the thermal analysis results are shown in Figure 10.25. The DSC 
and TG data show that no significant weight loss or heat flow occurred on the 
BP2000 carbon before 400 °C, as can be seen from the left panel of Figure 10.25. 
This indicates that the carbon support on its own was thermally stable over the 
temperature range used for testing the platinum-loaded samples under dry air 
conditions. The isothermal weight data for the samples with different platinum 
loadings held at 195 °C are presented in the right panel of Figure 10.25 as a 
function of time. The fraction of carbon consumed on all samples increased with 
time, indicating the oxidation of the carbon support. The rate of carbon consumed 
increased as the platinum loading increased, especially for the higher platinum 
loadings, implying that there was an increase in overall reactivity with increasing 
platinum content on the catalysts. The results suggest that the presence of Pt 
facilitated the oxidation of carbon even at moderate temperatures (125-195 °C). 
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Figure 10.25. TG and DSC data for BP2000 carbon heated at 2.5 °C/min under flowing air 
(left panel) and the isothermal weight data for the samples with different platinum loadings 
held at 195 °C under flowing air (right panel) [173], (Reproduced from Carbon, 43(1), 
Stevens DA, Dahn JR. Thermal degradation of the support in carbon-supported platinum 
electrocatalysts for PEM fuel cells, 179-88, 2005, with permission from Elsevier.) 

Baturina et al. [174] studied the thermal stability of Vulcan XC72-supported Pt 
catalysts and PEM fuel cell catalyst layers in air by TG. Figure 10.26 shows the 
weight loss of carbon-supported Pt catalysts with different platinum loadings and 
pure Vulcan XC72 carbon in air as a function of temperature. There was no mass 
loss for pure Vulcan XC72 up to 550 °C. The weight change of the Pt/C catalysts 
followed a pattern different from that of Vulcan XC72, as shown in Figure 
10.26(a). Between 40 and 200 °C little or no mass loss was observed for the Pt/C 
catalysts with 20-46% Pt loadings. Oxidation occurred gradually from 200 to 430 
°C, with the exact range depending on composition (200-430 °C, 20%; 200%-10 
°C, 40%; 150-390 °C, 46%). An abrupt mass loss was observed at around 400 °C. 
These observations indicate that Pt accelerated carbon decomposition in all the 
carbon-supported Pt catalysts. Figure 10.26(b) shows weight loss and DTG for 
46% Pt/C in air. The presence of a small shoulder with an onset at 150 °C (Figure 
10.26(b), insert) is assigned to decomposition of carboxylic groups on the carbon 
surface. It seems that Pt also facilitated oxidation of these surface functional 
groups, which have been suggested as able to inhibit carbon combustion at lower 
temperatures [173]. These results indicate that the presence of Pt promotes the 
oxidation of carbon support in air. 

The TG of the thermal decomposition of PEM fuel cell catalyst layer consisting 
of 46% Pt/Vulcan XC72/Nafion ionomer in air is shown in Figure 10.27. The TG 
data of 46% Pt/Vulcan XC72 and Nafion are included in Figure 10.27 for 
reference. The TG curve for the catalyst layer shows three distinct mass loss 
regions. The second mass loss region can be attributed to the decomposition of 
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Nation. The decomposition temperature tor Nation in air was -300 C. The 
thermal decomposition temperature of Nafion in the catalyst layers was lowered by 
about 100 °C in the presence of Pt/C catalysts. This indicates that Pt also catalyzed 
the decomposition of Nafion in the PEM fuel cell catalyst layers. The third mass 


loss region is due to carbon oxidation. 




Figure 10.26. TG data of 20%, 40%, and 46% Pt/C in air (a) and DTG data for 46% Pt/C in 
air (b) [ 174], (Reproduced with permission from Chem Mater 2006; 18:1498-504. Copyright 
2006 American Chemical Society.) 
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Figure 10.27. TG data for 46% Pt/C, Nafion 112, and Pt/C catalyst layer in air [174], 
(Reproduced with permission from Chem Mater 2006;18:1498-504. Copyright 2006 
American Chemical Society.) 
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The assignment of the mass losses and the volatile species of decomposition 
can be determined by TG coupled with mass spectrometry (TG-MS) [174-176]. 
Figure 10.28 shows the TG-MS data obtained as decomposition products of Nation 
112 and the Pt/C catalyst layer in air. As shown in Figure 10.28(a), the mass signal 
with m/e = 48 (S0 2 ) observed during Nafion decomposition at -350 °C indicated 
desulfonation of Nafion. The curves with mass signals 44 (C0 2 and C 2 F 4 O 2 ) and 
47 (COF 2 and C 2 F 4 O 2 ) closely followed each other. The much stronger ion current 
associated with the m/e = 44 peak indicated a major contribution from C0 2 . The 
broad peaks at 450 °C can be related to the decomposition of the side chain and the 
polymer backbone. Figure 10.28(b) shows the mass signal data obtained on the 
Pt/C catalyst layer. The mass signals with m/e = 44 and 47 were no longer parallel, 
indicating there was a significant contribution from C0 2 to the total ion current. 
The peak at 450 °C, followed by the m/e = 45 mass signal, is ascribed mostly to 
C0 2 . The small peak at -200 °C (m/e = 44) is probably attributable to the thermal 
decomposition of carboxylic groups on the surface of carbon black. 



Figure 10.28. TG-MS data obtained as decomposition products of (a) Nafion 112 and (b) 
the Pt/C catalyst layer in air [174], (Reproduced with permission from Chem Mater 
2006; 18:1498-504. Copyright 2006 American Chemical Society.) 


PtRu catalyst is currently the most active anode catalyst for direct methanol 
fuel cells (DMFCs) [177-179]. Recently, it was found that the presence of RuO x H y 
species in PtRu catalyst greatly promoted the electrocatalysis of methanol 
oxidation [180-182]. The benefits of RuO x H y can be attributed to the electrons’ 
and protons’ conductibility and the surface OFI group, which is suggested to be the 
key species in the methanol oxidation mechanism [177-183]. Therefore, a number 
of efforts have recently been made to obtain RuO x FI y -rich catalyst instead of 
bimetallic PtRu alloy for DMFCs [184-186]. Yang et al. [186] prepared a PtRu/C 
catalyst by a low-cost impregnation method and characterized it by EDX, XRD, 
XPS, and TG. The presence of RuO x FI y species on the PtRu/C catalyst and the 
thermal stability were investigated by TG/DTA. As shown in Figure 10.29, an 
initial endothermic loss between ambient temperature and 100 °C can be attributed 
to the removal of physisorbed water from the catalyst. The exothermic loss 
occurring between 300 and 600 °C is important evidence for the structural 
reconstruction accompanied by loss of structural water [181, 182]. This behavior 
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has been considered an unambiguous characteristic of hydrous oxides [182]. These 
data confirmed the presence of RuO x H y species in the synthesized PtRu/C catalyst. 
Methanol oxidation measurements at 60 °C showed that the prepared PtRu/C 
catalyst exhibited excellent performance for methanol oxidation. The obtained 
results support the suggested methanol oxidation mechanism whereby the surface 
OH group acts as the key species for methanol oxidation. 



Figure 10.29. TG/DTA results for PtRu/C (40 wt% Pt + 20 wt% Ru) [186], (Reproduced 
with permission from Chem Mater 2003;15:3552-7. Copyright 2003 American Chemical 
Society.) 

A general problem with polymer membranes for fuel cells is that the instability 
of the materials shortens the lifetimes of fuel cells [187]. It has been demonstrated 
that the introduction of an inorganic filler can improve the polymer membrane 
structure with regard to water retention, thermal stability and the reduction of 
methanol crossover [188, 189]. Another important property for polymer 
membranes in fuel cells is proton conductivity. It has been found that the proton 
conductivity of the polymer membranes can be increased by sulfonation [ 190— 
194]. However, while the conductivities increase with the degree of sulfonation, 
the mechanical properties of the polymer membranes show a parallel progressive 
deterioration. To overcome these limits, hybrid membranes based on highly 
sulfonated poly(ether ether ketone) (SPEEK, DS = 0.9) and inorganic filler TiC >2 
were synthesized via the in situ mixed sol-gel process [195]. The stabilities of the 
hybrid membranes were investigated by TG. Figure 10.30 shows the TG curves of 
SPEEK and composite SPEEK/TiOj membranes (Rl, R2). R1 and R2 indicate the 
different routes to prepare the composite membranes. For all samples the first 
weight loss, up to 200 °C, can be due to the evaporation of residual solvent 
DMAC. The TG curves of the doped membranes clearly showed an increase in the 
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decomposition temperature of the sulfonic acid groups from 250 °C (SPEEK) to 
270 °C (SPEEK/TiCL (Rl)) and 330 °C (SPEEK/Ti0 2 (R2)). This shift can be 
attributed to an interaction between the sulfonic group of SPEEK and the polar 
groups of TiCK The introduction of TiCL to the sulfonated PEEK membranes also 
led to reduced water uptake and good proton conductivity up to 120 °C, making the 
samples suitable for application as polymeric electrolytes at intermediate 
temperatures. 



Figure 10.30. TG curves of SPEEK and composite SPEEK/TiCL membranes (Rl, R2) 
[195], (Reproduced from Journal of Membrane Science, 296(1-2), Luisa Di Vona M, 
Ahmed Z, Bellitto S, Lenci A, Traversa E, Licoccia S. SPEEK-TiC >2 nanocomposite hybrid 
proton conductive membranes via in situ mixed sol-gel process, 156-61, 2007, with 
permission from Elsevier.) 


10.7 Other Structural Techniques for Characterizing the Bulk 
and Surface of Electrocatalysts 

10.7.1 FTIR and UV-VIS 

UV-VIS spectrophotometiy is seldom used for characterization of the catalysts for 
low-temperature fuel cells, but Fourier transform infrared spectroscopy (FTIR) has 
been used by many researchers for characterization of low-temperature fuel cells 
through probing molecules adsorbed on catalysts. It has also been widely used to 
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investigate the mechanisms of adsoiption and poisoning of catalysts, especially for 
DMFCs. FTIR is a very important tool to study the adsorption, migration, and 
poisoning mechanisms of carbon monoxide and other intermediates, and this 
research is of significant benefit in the exploration and development of CO-tolerant 
catalysts for PEMFCs fed by reformate gas and for DMFCs. 
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Figure 10.31. An apparatus for in situ electrochemical FTIR [196], (Reproduced from 
Journal of Electroanalytical Chemistry, 401(1-2), Munk J, Christensen A. P, Hamnett A., 
Skou E. The electrochemical oxidation of methanol on platinum and platinum + ruthenium 
particulate electrodes studied by in-situ FTIR spectroscopy and electrochemical mass 
spectrometry, 215-22, 1996, with pennission from Elsevier.) 

Munke et al. [196] reported a technique (Figure 10.31) of in situ 
electrochemical FTIR and used it to study a real carbon-supported platinum + 
ruthenium catalyst. Different adsorptions were observed when methanol was 
electrooxidized at bulk Pt, Pt particles, and carbon-black-supported Pt + Ru 
electrodes, particularly with regard to the nature of the adsorbed CO species 
(Figure 10.32). 
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Figure 10.32. In situ electrochemical FTIR spectra of CO. (Reproduced with permission 
from J. Phys. Chem. B. 2000, 104(24), 5803-7. Copyright 2000 American Chemical 
Society.) 

10.7.2 TPD/TPR 

Temperature programmed desorption (TPD) and temperature programmed 
reduction (TPR) are popular for characterizing platinum-based catalysts for fuel 
cell applications, especially the TPR technique. Usually some thermodynamic and 
kinetic parameters of gas/solid desorption processes and decomposition reactions 
on surfaces involving gaseous products can be quantitatively measured by TPD, 
and promotion of additives can be investigated by TPR. 

The basic principle for TPD can be described as follows. Usually the sample is 
introduced into a tubular chamber, and after vacuum treatment an adsorb gas is 
controllably introduced and adsorbed on the surface of sample. Then the sample 
containing the adsorbed gaseous species is heated at a programmed and linear rate, 
gases are released from the different type of adsorbed sites at different 
temperatures, and a TPD spectrum is obtained. 

Some information about catalysts can be obtained by TPD techniques. The 
types of active sites on the surface can be determined by the number of desoiption 
peaks; the adsorption strength (adsorbate-substrate binding energies) can be 
obtained by the maximum desoiption temperature of the desoiption peaks, and the 
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number of active sites can be estimated from the area of the desorption peak. It is 
important that the desorption activation energy can be measured by a series of 
experiments at various temperature rates. 

Unfortunately, TPD has seldom been applied to the investigation of fuel cell 
catalysts, but TPR has been widely used for that purpose. TPR can be used to 
determine reduction sites present in the catalyst bulk and reveals the temperature at 
which the reduction at each type of site occurs. 



Figure 10.33. TPR profiles of the different carbon-supported Pt-Ru catalysts: (a) 2 wt% 
Pt/XC72R; (b) 2 wt% Pt-0.52 wt% Ru/XC72R; (c) 2 wt%Pt-1.03 wt% Ru/XC72R; (d) 2 
wt% Pt-2.03 wt% Ru/XC72R; (e) 2 wt%Ru/XC72R [197]. (Reproduced from Catalysis 
Today, 93(5), Zhang YJ, Maroto-Valiente A, Rodriguez-Ramos I, Xin Q, Guerrero-Ruiz A. 
Synthesis and characterization of carbon black supported Pt-Ru alloy as a model catalyst for 
fuel cells, 619-26, 2004, with permission from Elsevier.) 

TPR analysis is performed using the same system as TPD, but the flowing gas 
contains a proportion of hydrogen instead of the inert gas used in TPD analysis. 
While the gas is flowing, the temperature of the sample is increased linearly with 
time, when the temperature is high enough to make reduction occur, the 
consumption signal of hydrogen by the reduction reaction can be monitored. For 
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platinum-based fuel cell catalysts, the addition of second or third components, as 
well as the change of support, often changes the reduction temperature and 
improves the performance significantly. TPR analysis is usually a powerful tool to 
detect additive and support effects. 

Zhang et al. [197] investigated a set of bimetallic Pt-Ru catalysts prepared by 
co-impregnation of carbon black with ruthenium (III) chloride hydrate and 
hydrogen hexachloroplatinate (IV) hydrate by temperature-programmed reduction 
(TPR). They found that the reduction temperature of Pt/XC72R catalyst was 388K; 
when ruthenium was added, the reduction temperature shifted to 428K, and for 
pure Ru/XC72R catalyst, the reduction temperature was 488K (Figure 10.33). 


10.8 Conclusion 

Physical characterization of low-temperature fuel cell catalysts is very important 
for the exploration and preparation of novel catalysts. The emergence of some new 
techniques, like electrochemical mass spectroscopy (EMS), and continuing 
progress in some traditional techniques, like SEM and TEM, will effectively 
improve the characterization of fuel cell catalysts. 
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Electrochemical Methods for Catalyst Activity 
Evaluation 


Zhigang Qi 


11.1 Electrochemical Cells 

11.1.1 Introduction 

Since a fuel cell is an electrochemical device, electrochemical methods are deemed 
to play important roles in characterizing and evaluating the cell and its components 
such as the electrode, the membrane, and the catalyst. The most popular 
electrochemical characterization methods include potential step, potential sweep, 
potential cycling, rotating disk electrode, rotating ring-disk electrode, and 
impedance spectroscopy. Some techniques derived from these methods are also 
used for fuel cell characterization. 

An electrochemical reaction involves at least the following steps: transport of 
the reactants to the surface of the electrode, adsorption of the reactants onto the 
surface of the electrode, charge transfer through either oxidation or reduction on 
the surface of the electrode, and transport of the product(s) from the surface of the 
electrode. The purpose of the electrochemical characterizations is to determine the 
details of these steps. 

The characterizations are carried out in various electrochemical cells. There are 
typically three types of cells: conventional 3-electrode cells, half-cells, and single 
cells. In those cells, the entity (e.g., catalyst, electrode) to be characterized forms 
the working electrode, the potential of which or the current passing through which 
is controlled or monitored. What happens on the working electrode is the sole 
interest of the investigation. The working electrode and another electrode, called 
the counter electrode, form a circuit, and the current flowing through this circuit 
will cause some reaction on the counter electrode as well. However, the 
investigation has no interest in what happens on the counter electrode, except that 
the reaction occurring on it should not interfere with the working electrode. 

In order to minimize the impact of the solution (or electrolyte) resistance on the 
potential of the working electrode, a reference electrode is often used to form 
another circuit with the working electrode. Ideally, this electrode is non-polarizable 
and maintains a stable potential. There is high input impedance in the voltage 
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measurement equipment, which makes the current flowing in this circuit very 
small. Therefore, the impact of the uncompensated electrolyte resistance on the 
potential of the working electrode is minimized. 

In this article, each section starts with a brief introduction to techniques, 
principles, and instrumentation, followed by examples for the purposes of 
illustration. The illustration is limited to low- to medium-temperature fuel cells 
such as the proton exchange membrane (PEM), direct liquid, and phosphoric acid 
fuel cells that involve protons as the ionic charge transport species. 

11.1.2 Conventional 3-Electrode Cells 

11.1.2.1 Structure of the Cell 

Figure 11.1 depicts the basic structure of a conventional 3-electrode cell. The 
exposed surface of an electronically conducting disk such as glassy carbon, gold, 
or platinum sealed in an inert material such as glass is the working electrode. A 
piece of Pt coil or sheet with a surface area much larger than that of the working 
electrode is used as the counter electrode. The purpose of a larger counter electrode 
is to assure that the electrochemical reaction occurring on it is fast enough so that it 
does not impede the electrochemical reaction occurring on the working electrode. 
The reference electrode is typically hosted in a Luggin capillary whose fine tip can 
be placed very close to the surface of the working electrode to minimize the impact 
of the uncompensated electrolyte resistance without preventing the reactants from 
reaching the surface of the working electrode. The most popular reference 
electrodes are Pt/H 2 /H + (standard/or normal/or dynamic hydrogen electrode), 
Ag/AgCl/CF (silver/silver chloride electrode), and Hg/Hg 2 Cl 2 /Cr (calomel 
electrode). If the products from the counter electrode could potentially interfere 
with the reaction occurring on the working electrode, the counter electrode is often 
confined in a separate compartment from the working electrode by either a porous 
frit such as sintered porous glass or an electrolyte bridge. 


Working 

electrode 



Figure 11.1. Illustration of the basic structure of a conventional 3-electrode cell 
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11.1.2.2 Preparation of the Electrode 

For fuel cell applications, this kind of cell is typically used to screen new catalysts 
or to study reaction mechanisms and kinetics by coating the electrode with a layer 
of catalysts. A catalyst is first thoroughly mixed with other components in a 
solvent through agitation and/or sonication. Water is typically the major 
component of the solvent, along with some short chain alcohols such as ethanol 
and propanol. Other solvents may be added in order to create a formulation that 
can be dispersed onto the working electrode satisfactorily. Sonication and agitation 
can increase the temperature of the mixture, which may change its physical 
properties such as its viscosity. The catalyst formulation is then applied onto the 
surface of the working electrode and dried. It is important that the catalyst particles 
adhere to the surface of the working electrode. In order to enhance adhesion, 
additives may be used in the catalyst ink formulation. The most convenient 
additives are perfluorinated ionomers such as DuPont’s Nation. An additional thin 
ionomer layer can also be added on top of the catalyst layer to enhance adhesion. 
Diying the electrode at room temperature versus at a temperature above the glass 
transition temperature (T g ) of the ionomer can affect adhesion and the properties of 
the resulting catalyst layer. The surface of the electrode disk itself should be 
inactive to the electrochemical reaction. For example, if the catalyst particles under 
investigation are Pt-based, the disk material cannot be Pt. Instead, it could be 
glassy carbon, which does not catalyze the reactions. 

If good adhesion is difficult to achieve, a cavity above the disk can be made to 
hold the catalyst. It is preferred that the height of the cavity be adjustable so that 
variable catalyst layer thicknesses can be studied. 

11.1.2.3 Selection of the Electrolyte 

A dilute aqueous acid solution (e.g., 0.1-1 M) is typically used as the electrolyte. 
The reason for using acid is that the fuel cell reactions involve protons (note: this 
article is limited to reactions having protons as the ionic charge transport species). 
Sulfuric acid (H 2 S0 4 ) has been used in many studies. However, sulfate anions 
(S0 4 2 ! can adsorb onto the surface of the Pt catalyst, which alters the reaction 
kinetics. Perchlorate anion (CI0 4 ) from perchloric acid (HC10 4 ) does not adsorb 
onto the surface of Pt catalysts, and, therefore, could be a better choice. 

Since a perfluorosulfonic acid ionomer such as Nation is normally used to 
make the catalyst layer, trifluoromethane sulfonic acid (CF3SO3H) is expected to 
behave more closely to the ionomer than the inorganic acids are. In addition, 
CF3SO3H and its anion (CF3SO3 ) do not adsorb onto the surface of the Pt catalyst 
and thus do not affect the reaction kinetics. 

When an electrode is evaluated for a phosphoric acid (H 3 P0 4 ) fuel cell (PAFC), 
H 3 P0 4 becomes the preferred choice for the electrolyte. The test can be carried out 
in a dilute aqueous solution at a temperature below the boiling point of water. 
However, such a test does not represent the actual fuel cell environment, where the 
cell temperature can be as high as 200 °C and the H 3 P0 4 is in a concentrated form 
containing only a small percentage of water. So, the test is better carried out near 
the actual fuel cell environment using a concentrated H 3 P0 4 . 

At around 200 °C only a small percentage of H 3 P0 4 dissociates into protons 
and H 2 P0 4 2 because of the lack of water. Meanwhile, some H 3 P0 4 forms 
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oligomers due to dehydration. It is believed that it is mainly the H 3 PO 4 rather than 
the H 2 PO 4 2 that adsorbs onto the surface of the Pt catalyst to slow down the 
reaction kinetics at such a temperature [13]. The adsorption of H 3 PO 4 results in a 
thicker double layer than that resulting from the adsorption of H 2 0, and thus 
increases the electron transfer barrier and reduces the oxygen reaction sites. The 
exchange current density for oxygen reduction in 98% H 3 PO 4 is about 1 to 2 orders 
of magnitude lower than that in 85% H 3 PO 4 [46]. Habib and Bockris found that the 
adsorption of H 3 PO 4 onto Pt initially increases with the electrode potential, reaches 
a maximum at around 800 mV, and decreases at higher potentials [16]. 

At a temperature of around 200 °C the fuel cell reaction should proceed much 
more quickly than it does at the lower temperatures typical for PEM fuel cells 
(PEMFCs). However, since both H 3 PO 4 and H 2 PO 4 2 can adsorb onto the surface 
of the Pt catalyst, they significantly lower the reaction kinetics, especially for the 
oxygen reduction reaction (ORR). Consequently, a PAFC operated at about 200 °C 
proceeds much more slowly than a PEMFC operated at less than 90 °C. As shown 
in Figure 11.2, the performance of the state-of-the-art PAFC operated at 160 °C is 
about 150 mV lower than that of a PEMFC operated at 70 °C. 



Figure 11.2. Performance comparison of the state-of-the-art PAFC operated at 160 °C with 
a PEMFC operated at 70 °C. Pt/C catalysts. 

Another reason for the lower performance in H3PO4 is the low solubility and 
diffusivity of oxygen in it. They decrease with an increase in the concentration of 
the H3PO4. In 85 wt% acid, the solubility and diffusion coefficient of oxygen are 
about an order of magnitude and fivefold lower, respectively, than those in 
perfluorinated ionomers [42]. 

When a perfluorinated short chain acid such as CF3SO3H is added into H3PO4, 
the ORR performance is improved due to the higher oxygen solubility and 
diffusivity in CF3SO3H, and to the weakening of H 3 P 0 4 adsorption onto the 
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catalyst surface. However, since CF3SO3H has a high vapor pressure, it will 
evaporate quickly, and thus it has no practical usage. Other reported additives that 
vaporize at slower rates include potassium perfluorohexanesulfonate (C6F13SO3K), 
potassium nonafluorobutanesulfonate (C4F9SO3K), and perfluorotributylamine 
(C 4 F 9 ) 3 N) [ 11 ]. 

The addition of 0.5 wt% perfluorosulfonimide (PFSI), CF 3 S02NHS0 2 C 4 F 9 , to 
85% H 3 P0 4 results in a 70 mV increase in the potential of the oxygen cathode at 
current densities up to 500 mA cnf 2 at 70 °C [42]. Razaq et al. proposed that the 
PFSI physically adsorbs on the catalyst with the fluorocarbon tail towards the 
catalyst surface to create a “dry cave” environment, which favors the competitive 
adsorption of oxygen on the catalyst surface, and thus the ORR is enhanced. This 
adsorbed layer may be only a single molecule thick, and does not interfere with the 
transfer of water or protons at the interface. 

Higher amount of additives or longer chained additives could wet the 
polytetrafluoroethylene (PTFE) in the electrodes and cause flooding. Flooding of 
the porous electrode has not been observed at 0.5 wt% of PFSI but has been 
observed at higher concentrations [42]. 

11.1.2.4 Control of Experimental Conditions 

The primary condition that requires control is the cell temperature. Good control 
can be achieved by immersing the cell into a water or oil bath the temperature of 
which can be precisely controlled. If the design does not allow such a control 
strategy, an electrical heating element can be used. The latter method is, however, 
more likely to encounter frequent temperature oscillations because the heater may 
overshoot from time to time. 

11.1.3 Half-cells 

11.1.3.1 Design of the Cell 

The performance of a fuel cell depends not only on the catalyst material but also on 
the structure of the electrode made from the catalyst material. Since catalyst 
particles such as Pt black or Pt/C do not stick to each other, a binding material is 
needed when an electrode is made. Polytetrafluoroethylene is widely used as the 
binding material for fuel cell electrodes, and it also functions as a water-repelling 
agent to minimize electrode flooding. When Nafion is used as the binding material, 
it significantly increases the catalyst-electrolyte-reactant triple phase boundaries, 
leading to higher catalyst utilization and a lower catalyst loading requirement. 

A formulation consisting of catalyst particles and a binding agent is typically 
applied to a porous backing substrate such as carbon paper or carbon cloth. The 
backing provides not only a support to hold the catalyst mixture but also the 
electrical connection with other cell components. 

A half-cell is often used to evaluate an electrode. Figure 11.3 illustrates the 
structure of a half-cell. An electrode is bonded onto one side of a piece of Nafion 
membrane and the resulting assembly is placed in a fixture in such a way that the 
Nafion membrane faces the electrolyte solution and the electrode backing side 
faces a gas chamber. Since the Nafion membrane is permselective, it allows only 
cations such as protons to pass through. Anions such as SC) 4 2 should not be able to 
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pass through the membrane to reach the catalyst layer due to Donna exclusion. 
Meanwhile, the membrane is fully hydrated by the water in the electrolyte solution. 
Such a cell structure more or less mimics the situation in a real fuel cell. A ring 
made of corrosion-resistant metal such as Pt is placed in contact with the electrode 
backing for current collection. The tip of the Luggin capillary, which hosts a 
reference electrode, is placed near the surface of the Nafion membrane in order to 
reduce the voltage drop due to the uncompensated electrolyte resistance between 
the working and the reference electrodes. 

Such a half-cell fixture enables quick screening of an electrode of interest 
without complications from what happens on the counter electrode. The electrode 
of interest can be either a cathode or an anode. 


Current 

collector 


Reference 

electrode 

Counter 
i electrode 



1 — Membrane 
— Catalyst layer 

- Backing layer 

- Platinum ring 


Figure 11.3. Illustration of the structure of a half-cell. 


11.1.3.2 Selection of the Electrolyte 

Electrolyte selection is very similar to what is described for the 3-electrode cell. 
Since the catalyst layer is separated from the aqueous electrolyte solution by a 
permselective ionomer membrane, only water and protons can transport through 
the membrane to reach the catalyst layer. This helps minimize or eliminate the 
adverse impact of anion adsoiption (onto the catalyst surface) on the reaction 
kinetics. 

The membrane is likely to swell in the aqueous solution and this could cause 
warping of the electrode/membrane assembly. This will then change the distance 
between the membrane and the tip of the Luggin capillary, which alters the 
uncompensated solution resistance slightly. So it is better to position the tip of the 
reference electrode after warping is complete. If the warping causes delamination 
of the electrode from the membrane, the testing result will be adversely affected. 

One method to reduce the warping is to use a small membrane/electrode 
assembly. Another method is to add a stiff mesh on top of the membrane/electrode 
assembly. The mesh should be highly open and inert to the reaction environment. 
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11.1.3.3 Control of Experimental Conditions 

In addition to the cell temperature, the flow rate, the inlet and outlet pressures, and 
the relative humidity (RH) of the gaseous reactant should be controlled. The 
temperature is controlled by the aqueous electrolyte into which the 
electrode/membrane assembly is immersed. The electrolyte temperature can itself 
be controlled by either a water or an oil bath. The flow rate of the gaseous reactant 
can be controlled by a flow meter or a mass flow controller. The inlet and back 
pressures of the reactant can be controlled by pressure regulators. The RH can be 
controlled by passing the reactant through a humidifier at a predetermined 
temperature. There are several types of humidifiers to choose from. The cheapest 
one is a sparging bottle that contains water. 

11.1.4 Single Cells 

11.1.4.1 Design of the Cell 

A single cell can be conveniently used to test a membrane electrode assembly 
(MEA) consisting of an anode and a cathode bonded onto opposite sides of a 
membrane. The MEA is sandwiched between a pair of anode and cathode plates 
that have channels in which the reactants can flow. The edges of the MEA are 
sealed by a pair of gaskets to prevent leakage of the reactants. The plates are 
typically made of graphite materials with high corrosion resistance. If metallic 
materials are used for making the plates, they must be coated by a corrosion- 
resistant material such as gold or metal nitride. Current collectors in contact with 
the outer surface of the plates enable the measurement of the current and the 
voltage. Bolts and nuts are often used to tighten the cell to a predetermined 
compression or torque level via a pair of end plates. The end plates are insulated 
from the current collectors by the use of insulating materials. 

The surface characteristics of the plates can have a significant impact on the 
fuel cell performance, stability, and durability. Both highly hydrophilic and 
hydrophobic surfaces help water removal from the flow-fields. Liquid water tends 
to form a thin layer on highly hydrophilic surfaces. This increases the contact area 
between the gaseous exhaust and the liquid water and thus aids the evaporation and 
removal of water. On the other hand, when the plate surface is highly hydrophobic, 
liquid water droplets have a low affinity to the surface, and they can be readily 
blown out by the gaseous exhaust. 

The geometry of the flow-field also has a significant impact on the fuel cell. 
The geometry includes the width and the depth of the channel, the width of the 
land, and the shape and the length of the channel. A reasonable starting point for 
dimension optimization is 1 mm for the channel width, the channel depth, and the 
land width. The channels can be straight, without any twists and turns for the flow 
of the reactants. This kind of channel offers lower reactant pressure drop from the 
inlet to the outlet. The channels can also be serpentine with either single or 
multiple paths. Serpentine channels have twists and turns for the flow of the 
reactants and are normally longer than the straight channels, which cause a higher 
reactant pressure drop. Liquid water tends to accumulate at the turns. A higher 
pressure drop consumes more parasitic power, but it helps remove liquid water 
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from the cell to reduce the likelihood of flooding. Flow-through straight and 
serpentine channels are the most common flow-field designs. 

An interdigited flow-field is a special type of flow-field in which there are 
separate reactant inlet and outlet channels. The reactants have to be pushed through 
the gas diffusion backing by a high enough pressure to get from the inlet channels 
to the outlet channels. Such a design encounters relatively high parasitic power 
losses when generating the required pressure. However, since the reactants get into 
the catalyst layers not only through diffusion but also through convection, higher 
fuel cell performance is achieved. 

Another special type of flow-field is composed of many grids or islands, and 
the reactants flow among them. The flow pattern of the reactant can vary from 
moment to moment, and an extremely low reactant pressure drop is expected 
thanks to the many available paths. If there is an accumulation of water in some 
regions, the reactant is likely to bypass these regions and they become less active 
or even inactive until the accumulated water is removed. 

When porous plates are used there can be no flow-fields at all. The reactants are 
pushed into the porous plates and are transported to the catalyst layers through both 
convection and diffusion. A high reactant pressure drop is expected. Action needs 
to be taken to prevent the mixing of the anode reactant and the cathode reactant 
through the porous plates. 

In a single cell with an anode and a cathode, the measured cell voltage (V ce ii) is 
the difference between the cathode potential (V c ) and the anode potential (V a ). If 
pure hydrogen is used as the fuel, the anode can be taken to be the reference 
electrode because its potential does not change much with current density, 
especially at current densities lower than about 0.5 A cnf 2 . Then V ce ii can be 
regarded as equivalent to the V c . 

If the hydrogen contains contaminates such as CO, or if a liquid such as 
methanol is used as the fuel in a direct methanol fuel cell (DMFC), the voltage loss 
at the anode becomes significant; thus it cannot be used as a reference electrode. 
There are two ways to figure out the individual potentials at the anode and the 
cathode. The first option is to replace the oxidant such as air with pure hydrogen at 
the cathode and use an external power supply to oxidize the fuel at the anode side. 
Protons produced from the oxidation transport through the membrane and combine 
with the electrons from the power supply to form hydrogen at the cathode side. 
Since the H + reduction reaction at the cathode has a negligible overpotential, it can 
be regarded as a reference electrode. Therefore, V ce ii applied from the power 
supply represents the actual V a . The V c under the fuel cell mode is then the sum of 
V a and V C eii. 

The second option is to incorporate a reference electrode, as shown in Figure 
11.4. A small electrode separate from the anode is bonded onto the membrane. 
Pure hydrogen is fed to this reference electrode so that it behaves like a dynamic 
hydrogen electrode (DHE) the potential of which is 0 V. The voltage measured 
between the anode or the cathode and this reference electrode is the V a or the V c . 
Such a cell design enables the measurement of the individual V a and V c in a single 
experiment, and thus it is very useful. 
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Figure 11.4. Illustration of an MEA with a reference electrode on the anode side. 
11.1.4.2 Control of Experimental Conditions 

The cell temperature and the RH, the flow rates, and the inlet and outlet pressures 
of both the anode and the cathode reactants should be controlled. In order to 
control the cell temperature, both heating and cooling means are typically used. 
One way to heat up the cell is to use rod-type heating cartridges, which are inserted 
into holes drilled into the flow-field plates. Although the flow-field plates have 
good thermal conductivity, it is likely that the temperature of the portion of the 
MEA or the plate nearest the heating rods is higher than areas that are farther away. 
Another way to heat up the cell is to use heating pads attached on the outer 
surfaces of the end plates, provided the end plates possess good thermal 
conductivity. Since the pads can be made large enough to cover the entire active 
area of the MEA, a more even temperature distribution over the MEA will be 
achieved. A third method to heat up the cell is to pump a preheated liquid through 
both the anode and the cathode plates. Such a method can achieve a very even 
temperature distribution, but takes more time. 

Heating rods and pads can overheat from time to time, resulting in a cell 
temperature temporarily higher than the desired value. Also, when a high current 
density is drawn from the cell, it can cause the cell temperature to become higher 
than desired. Cooling a cell via natural or forced air convection is a simple but less 
effective process. A more effective way is to continuously circulate a liquid 
coolant such as water through the plates of the cell. The temperature of the coolant 
is controlled by a coolant tank. Coolant can also be used to warm up the cell. It is 
important that a high ionic resistance of the liquid coolant be maintained; 
otherwise, the electrodes will be shorted by the coolant and get damaged quickly. 
Liquid coolant can also cause corrosion of cell components and connection pipes. 

Temperature-sensing devices such as thermal couples are used to monitor the 
temperature of the cell. The thermal couples should be placed as close as possible 
to the MEA in order to reflect the true MEA temperature. Thus they should be 
inserted into the flow-field plates rather than into the end plates. If the thermal 
couples are inserted into the end plates, the monitored temperature is likely to be 
lower than the actual MEA temperature because they are located farther away from 
the MEA, where the heat is generated. The thermal couples should also be inserted 
to a proper depth into the flow-field plates in order to capture the average 
temperature of the MEA. Without a liquid coolant, the center of the MEA is likely 
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to have a higher temperature than the edges due to the heat loss from the cell. If the 
thermal couples are inserted right to the center of the MEA, the monitored 
temperature is probably higher than the average MEA temperature. In contrast, if 
the thermal couples are inserted to the edge of the MEA, the monitored 
temperature is probably lower than the average MEA temperature. A best depth for 
the thermal couples could be the midpoint between the edge and the center of the 
MEA, and it should be determined experimentally. 

It is very important to monitor and control the cell temperature as accurately as 
possible. For a PEMFC, water management is a tough challenge. If there is too 
much water in the fuel cell, the cell will be flooded. If there is not enough water, 
the cell will dry up. Both situations will lower the cell performance, stability, and 
durability. The RH of the reactants is typically controlled by controlling the 
temperature of the humidifier relative to the cell temperature. For example, if the 
cell temperature is 60 °C and the humidifier temperature is 55 °C, the RH of the 
reactant is 80%. However, if the actual cell temperature is 65 °C, the RH is only 
63%. Running a cell at an RH lower than the desired value will cause the cell to 
decay more rapidly. The same is true if the cell is flooded. 


11.2 Brief Principles of Electrochemical Instrumentation 

All electrochemical techniques involve the use of electricity as either an input or an 
output signal. The function of an electrochemical instrument is to generate an input 
electrical signal and to measure the corresponding output electrical signal. The 
input signals can be a preprogrammed function of time, while the output signals 
often change with time. The signals are typically voltage, current, and charge. 
Charge is the integration of current with time. The input electrical signal causes the 
electrochemical reactions at the working and the counter electrodes. The rate of the 
reactions is controlled by the amplitude of the input signal and is represented by 
the amplitude of the output signal. More details will be given in the discussions of 
different types of electrochemical techniques. 


11.3 Cyclic Voltammetry 

11.3.1 Basic Principles 

Cyclic voltammetry refers to cycling the potential between chosen low and high 
points and recording the current in the potential cycling region. The resulting 
potential versus current plot is called a voltammogram. The sweeping of the 
potential is carried out linearly, and the sweeping rate can be controlled in a wide 
range. Most studies are carried out with a potential scanning rate between 1 and 
1000 mV s _1 . 

Before the scanning starts, the working electrode is usually held at a potential 
that does not cause any electrochemical reactions. After the start of the scanning, 
the potential goes higher (or lower), and when it becomes high (or low) enough to 
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cause the oxidation (or reduction) of an electrochemically active species, an anodic 
(or cathodic) current appears. The anodic (or cathodic) current increases as the 
potential goes higher (or lower) because the reaction kinetics becomes faster. 
When the potential reaches the standard potential E°, the concentrations of the 
oxidized and the reduced forms of the electrochemically active species become 
equal on the surface of the electrode. The highest anodic (or cathodic) current is 
reached when the potential reaches a value at which all the reduced (or oxidized) 
form of the electrochemically active species at the electrode surface is consumed. 
The highest current is achieved at this moment because the mass transport rate of 
the electrochemically active species reaches a maximum rate, driven by the 
(largest) concentration gradient between the bulk concentration of the 
electrochemically active species and the surface concentration of this species. 
When the potential goes higher (or lower) beyond this point, the current starts to 
decline because the double-layer thickness increases, resulting in a less steep 
concentration gradient of the electrochemically active species. Therefore, an 
anodic (or a cathodic) peak develops. When the potential reaches the set high (or 
low) limit, it reverses direction and scans towards the set low (or high) limit. 
During this reversed potential scan the oxidized (or reduced) form of the 
electrochemically active species reacts, and develops a cathodic (or anodic) peak. 
The cathodic (anodic) peak is located at a slightly lower (higher) potential than the 
anodic (cathodic) peak. The cathodic and anodic peaks are of equal height (or, 
more accurately, equal area), unless there are complications caused by some side 
chemical or electrochemical processes. 

If the electrochemical reactions are thermodynamically reversible, the positions 
of the cathodic or anodic peaks do not change with the potential scan rate (u), and 
the peak height is proportional to the square root of the potential scan rate, u 1/2 , 
according to the following equation (T = 25 °C): 

i p = (2.69 x 10 5 )n 3/2 AD 1/2 u 1/2 C (11.1) 

where i P is the peak current (in amperes), n is the number of electrons per reactant 
molecule, A is the electrode area (in cm 2 ), u is the potential scan rate (in V s~'), D 
is the diffusion coefficient (in cm 2 s '), and C is the bulk concentration of the 
reactant (in mol cnf 3 ) [2]. 

If the reactions are not completely reversible, the anodic peak potential 
becomes more positive and the cathodic peak potential becomes more negative. 
The separation of the two peaks becomes larger than in the reversible case. 

Reversibility is often a relative term because it is related to the potential scan 
rate. A reaction that is reversible at low scan rates may become quasi-reversible (or 
even irreversible) at high scan rates. When the quasi-reversible starts, the peak 
current will become smaller than that expressed by Equation 11.1, and the curve of 
i P versus u 1/2 starts to bend down. 

A special case results when a monolayer or an ultra-thin layer of an 
electrochemically active species is confined to the electrode surface and the 
thickness of this layer is less than that of the diffusion layer within the experiment 
time scale. Mass transport resistance becomes negligible. Both the anodic and the 
cathodic peaks become symmetrical, and they look like mirror images of each 
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other. Integrating the current with time under the entire anodic (or cathodic) peak 
area gives the total charge of the oxidation (or reduction) process. From this charge 
the total amount of the electrochemically active species confined to the electrode 
surface can be calculated according to Faraday’s law. 

If the potential is swept in only one direction, it is called linear sweep 
voltammetry. In such an experiment, the investigator is not interested in what 
happens during the reversed potential scan. 

11.3.2 Potential Step Experiment 

Instead of cycling the potential, the potential can be changed in one step from one 
level (E|) at which the overpotential (pi) is too low to cause any reaction to another 
level (E 2 ) at which the overpotential (p 2 ) is so high that the reaction is controlled 
by the mass transport rate. The corresponding current versus time accompanying 
the potential step is recorded and analyzed; such an experiment is called 
chronoamperometiy. 

Prior to the potential step from Ei to E 2 , the concentration of the reactant at the 
surface of the electrode is the bulk concentration C. After the potential is stepped 
to E 2 , the surface concentration of the reactant decreases to zero because it reacts 
immediately under the high overpotential p 2 . As time proceeds, the reaction zone 
depletes, the diffusion distance from the bulk to the electrode surface increases, 
and thus the concentration gradient decreases. So, the current declines with time. 
On a planar electrode, the current i(t) at any time t is given by the Cottrell 
equation: 


i(t) = (nFAD 1/2 C)/(7i 1/2 t 1/2 ) (11.2) 

where n is the number of electrons involved in the electrochemical process per 
reactant species, F is the Faraday constant, A is the surface area of the electrode, 
and D and C are the diffusion coefficient and the concentration of the reacting 
species, respectively. The diffusion layer thickness (5) changes with time 
according to 5 = (jrDt) 12 . The plot of i(t) versus t 12 is a straight line and the 
diffusion coefficient can be obtained from the slope provided C is known. 

If a spherical electrode or a micro planar electrode is used in the experiment, 
the diffusion becomes spherical, and the Cottrell equation becomes 

i(t) = (nFAD 1/2 C)/(7i 1/2 t 1/2 ) + nFADC/r (11.3) 

where r is the diameter of the electrode. The plot of i(t) versus t 1,2 is still a straight 
line. D 1/2 C and DC can be obtained from the slope and the intercept, respectively, 
and thus both D and C can be determined. 

A potential step experiment is typically carried out for a duration of less than a 
few minutes for the following reasons. First, the reaction zone depletes quickly, so 
that a longer time is not needed to obtain a well-developed i-t curve. Second, over 
a longer time the results are likely to be complicated by convection due to the 
buildup of density gradients and the environmental vibration. 
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A charging current will exist during the short duration of the experiment. The 
charging current can be significant immediately following the potential step. Data 
obtained in the absence of the active species under the same condition are often 
used to correct for the charging current. 

By integrating the current with time, the total charge (Q) due to the 
electrochemical reaction during the duration of the potential step experiment is 
obtained (for a planar electrode): 

Q = (2nFAD 1/2 C t 1/2 )/7i 1/2 (11.4) 


Q versus t 12 is a straight line, and D 1/2 C can be obtained from its slope. 

11.3.3 Instrumentation: Potentiostat 

The instrument used to perform cyclic voltammetry and potential step experiments 
is a potentiostat, which controls the voltage and measures the current. The 
potentiostat maintains the potential of the working electrode at a desired value with 
respect to the potential of the reference electrode. The current flows between the 
working and the counter electrodes in response to the potential of the working 
electrode. 

A series of resistors in the electric circuit are used to adjust and maintain the 
potential of the working electrode. For example, in order to keep the potential of 
the working electrode constant during a potential step measurement that involves 
changing current, the resistance (R) of the resistors will be varied so that the 
voltage drop (iR) on the resistor is the same (Figure 11.5). 



Power 


Ref: reference electrode 
C: counter electrode 
W: working electrode 


Figure 11.5. Illustration of the basic circuitry of a potentiostat 


An electrometer measures the voltage difference between the reference and the 
working electrodes. An electrometer has extremely high input impedance so that 
the input current is nearly zero, which enables the reference electrode to keep a 
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constant potential. The current passing through the working and the counter 
electrodes is determined by measuring the voltage drop through a known resistor 
according to Ohm’s law. 

When the electronic circuit is slightly modified so that the current is controlled 
and the corresponding potential of the working electrode is measured, it becomes a 
galvanostat. 

11.3.4 Applications 

11.3.4.1 Features of a Pt Electrode in Acidic Electrolyte 

Pt is the most important catalyst material for PEMFCs, DMFCs, and PAFCs. Due 
to the relatively low operating temperatures of these fuel cells (from room 
temperature to about 200 °C), the reaction kinetics is slow, especially at the 
cathode for the ORR. Therefore, Pt and its alloys that have shown the highest 
catalytic activity in these fuel cells have to be used as the catalysts. 

In an acidic electrolyte some interesting reactions occur at the surface of the Pt 
electrode. At potentials higher than about 0.8 V versus the standard hydrogen 
electrode (SITE), the Pt surface is oxidized to PtOFI and PtO x in the anodic 
potential scan direction, and these Pt oxides are reduced to the Pt form in the 
cathodic potential scan direction. At potentials lower than about 0.3 V, two pairs of 
peaks are observed due to the hydrogen adsorption and desorption. During the 
cathodic scan from 0.3 V down, underpotential deposition of hydrogen atoms 
occurs from the reduction of the protons: 

Pt + H + + e~-> Pt-H ad (11.5) 

Hydrogen adsorption exhibits a few pairs of well-defined peaks due to the 
existence of different Pt crystallite facets. 

Hydrogen evolution occurs when the potential moves to more negative values: 

2Pt-H ad —» 2Pt + H 2 (11.6) 

Usually, the potential sweeping direction is switched just before the H 2 evolution 
starts. Two anodic peaks are often observed from the desorption of the H atoms 
adsorbed on the different crystallite facets of Pt: 

Pt-H ad -> Pt + H + + e“ (11.7) 

For the pair of H adsorption/desorption peaks located at the relatively higher 
potential, the H adsoiption proceeds more easily and the H desorption is more 
difficult. This means that the Pt-H bond is stronger for this pair of peaks than for 
the pair located at the lower potential. 

11.3.4.2 Particle Size and Electrochemical Active Surface Area 

Since Pt is a very expensive noble metal and only the atoms on the surface can 
participate in catalyzing electrochemical reactions, Pt is typically used with 
diameters between 2 and 4 nm for fuel cell applications. Smaller particles have 
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relatively more atoms on the surface, and the Pt dispersion, which is defined as the 
ratio of the number of the surface Pt atoms to the total number of Pt atoms, is 
higher. 

Pt nanoparticles are normally deposited onto an electronic substrate such as 
carbon black. The support has several functions. It promotes the dispersion of Pt 
particles. It anchors Pt particles onto its surface through physicochemical 
interactions, which slows down the sintering rate of the Pt particles. It also 
provides electronic continuity for the Pt particles. 

Several approaches can be used to make supported Pt catalysts. One method is 
to produce a Pt colloid through the use of a protection agent that adsorbs onto the 
surface of the Pt particles during their formation process. The protection agent can 
be a surfactant, a polymer, or a short chain organic molecule. The Pt nanoparticles 
will adsorb onto carbon black particles when the carbon black is added into the 
colloid. Subsequent washing of the resulting material will remove the protection 
agent. 

Another method is to reduce a Pt precursor in the presence of carbon black. The 
carbon black support provides the nucleation and anchoring sites for the Pt 
particles during their formation. The size of the resulting Pt particles depends on 
the reaction conditions, such as the reaction rate (which is often affected by the 
temperature, the concentration of the reactants, and the strength of the reducing 
agent) and the number of nucleation sites on the support. Amorphous carbon black 
has a large number of nucleation sites, leading to the formation of smaller Pt 
particles. In contrast, graphitized carbon has a lower number of nucleation sites 
because only the surface defects can function as nucleation sites, and thus larger Pt 
particles are produced. For the same type of support, a higher Pt content tends to 
lead to larger particles because of the greater chance for subsequently formed Pt 
atoms to deposit onto existing Pt particles. 

Pt particle size is typically determined by transmission electron microscopy 
(TEM). Very often a Gaussian-type distribution is observed. A narrower 
distribution means tighter control of the particle size. 

X-ray diffraction (XRD) is often used to estimate the crystallite sizes of the Pt 
particles. The prominent Pt crystallite surfaces are (111), (200), and (220). The Pt 
crystallite sizes are calculated based on the broadening of the peaks using the 
Debye-Scherrer equation: 

Crystallite Size = (0.9X)/(FWHM • cosO) (11.8) 

where X, FWHM, and 0 are the wavelength of the X-ray, the full width at half 
maximum of the peak, and the incidence angle of the X-ray beam, respectively. It 
should be pointed out that XRD measures the crystallite size rather than the 
particle size. In addition, XRD determines the volume averaged crystallite size, and 
thus it may undercount the smaller crystallites. 

If we assume that a Pt particle is spherical, its surface area will be given by the 
following equation: 


S = 3/rd 


(11.9) 
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where S is the surface area (crrrg l ). r is the radius of the Pt particle (cm), and d is 
the density of Pt (g cm -3 ). 

Since both the anode and the cathode reactions involve the transport of 
electrons, protons, and reactants/products, only the catalyst surfaces at the catalyst- 
ionomer-reactant three-phase regions are electrochemically active. This area is 
called the electrochemical active surface area (ECSA). The remaining catalyst 
surfaces that do not meet this three-phase boundary condition will not be able to 
participate in the electrochemical reaction. An ideal electrode should be able to use 
all the catalyst surfaces to achieve 100% surface utilization. Measuring the ECSA 
and comparing it with the total surface area of the catalyst particles based on the 
particle size and the catalyst loading reveals the actual utilization of the catalyst 
surface. 

Typically, two electrochemical methods are used to estimate the ECSA. The 
first method uses the hydrogen adsorption/desorption peak areas. The adsoiption 
peak area (current times time) should be integrated from the onset of H adsorption 
potential to just before the hydrogen gas evolution potential. The integration uses 
the capacitance charging current as a base line. The result is likely to be more 
accurate if the average of the cathodic and the anodic peak areas is used. The total 
ECSA of Pt is then calculated by dividing the integrated charge by 0.21 mC cm -2 
Pt. This value is established based on the polycrystalline surface of Pt having a Pt 
atom surface density of 1.3 x 10 15 per cm 2 , and each Pt allows one hydrogen atom to 
adsorb [59]. If the Pt loading within the catalyst layer is known, then the mass- 
specific surface area of Pt can be calculated by dividing the ECSA by the loading. 

A bare Pt disk electrode normally shows distinct hydrogen 
adsorption/desorption peaks, and the potential at which hydrogen gas evaluation 
starts is clearly discernible. In such cases, the peak areas caused by hydrogen 
adsorption/desorption can be obtained with good accuracy. However, a fuel cell 
electrode that has a low Pt loading and in which the Pt is dispersed on a support 
such as carbon often shows less distinctive hydrogen adsorption/desorption peaks, 
and the exact potential at which hydrogen gas evolution starts is difficult to 
determine (refer to Figure 11.27 and 11.31). In these cases, the ECSA is unlikely to 
be measured accurately. 

Another method for electrochemically determining the ECSA is to use the 
oxidative stripping peak area of CO. CO can strongly adsorb onto the surface of Pt 
to form a monolayer. This monolayer will be removed quickly and completely by 
electrochemical oxidation at a high enough potential. The oxidation process 
converts CO to C0 2 , 

CO + H 2 0 —»• C0 2 + 2H + + 2e - (11.10) 

and results in a well-defined sharp peak during the anodic potential scan. No 
corresponding reduction current exists during the cathodic potential scan (Figure 
11 . 6 ). 

CO oxidation to C0 2 involves 2 electrons. If one CO molecule occupies one Pt 
atom in a linear adsorption configuration (Pt-CO a d), the ECSA would be calculated 
by dividing the integrated CO oxidation charge area by 0.42 mC cm -2 Pt. If one CO 
molecules occupies two Pt atoms in a bridge adsorption configuration (2Pt-CO ad ), 
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the ECS A would be calculated by dividing the integrated CO oxidation charge area 
by 0.21 mC cnf 2 . Studies have indicated that the manner in which CO adsorbs on 
the surface of Pt is affected by the potential. At a potential close to 0 V the CO 
adsorption is dominated by the linear adsorption [45]. 



Figure 11.6. CO stripping voltammogram on Pt/C. T = 60 °C; 0.5 M H 2 S0 4 ; scan rate = 10 
mV s -1 [52], (Reprinted from Journal of Electroanalytical Chemistry, 576(2), Sugimoto W, 
Aoyama K, Kawaguchi T, Murakami Y, Takasu Y, Kinetics of CH 3 OH oxidation on PtRu/C 
studied by impedance and CO stripping voltammetry, 215-21, ©2005, with permission from 
Elsevier.) 

When the surface of Pt is blocked by the adsorption of a CO monolayer, 
hydrogen adsoiption becomes impossible. Then the cyclic voltammogram of Pt in 
the hydrogen adsorption and desoiption potential region becomes featureless. Once 
the CO layer is removed through oxidation at higher potentials, the Pt surface 
becomes available again for hydrogen adsorption and desorption, and the 
corresponding peaks will appear (Figure 11.6) [52]. 

Since CO is poisonous to human beings, it is rarely used in a concentrated form 
for such experiments. Any gas mixture containing up to a small percentage of CO 
should be good enough for the experiments. CO adsorbs onto the surface of Pt 
quickly, and no more than 30 minutes is needed to have a full monolayer coverage 
of CO on Pt. The potential of the cell is maintained at a lower level than the CO 
oxidation potential during the CO adsorption process. Then an inert gas such as 
nitrogen or argon is used to purge out the CO-containing gas for a few minutes, 
leaving only the CO that adsorbs on the surface of Pt within the cell. A potential 
scanning can then be carried out to induce the oxidation of CO. 

11.3.4.3 Catalyst Activity’ Analysis 

Cyclic voltammetry can be used to qualitatively study catalyst activity towards a 
reaction. The study can evaluate either the relative activities of a series of catalysts 
towards the same reaction, or the activity of one catalyst towards a few different 
reactions. The activity of a catalyst can be gauged by both the onset potential and 
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the peak (or plateau) current. Higher activity will lead to an onset potential at a 
lower overpotential and a higher peak (or limiting) current. 

11 2 Oxidation 

Pt has an excellent catalytic ability for the H 2 oxidation reaction (HOR), 

H 2 —> 2H + + 2e~ (11.11) 

and very small overpotentials are encountered up to quite high current densities. 
However, H 2 is not a naturally available fuel, and it is often obtained through 
reforming hydrocarbon fuels such as methanol, methane, or propane. The resulting 
H 2 -rich gas mixture, called reformate, often contains parts-per-million (ppm) levels 
of CO, even after a few cleaning steps such as the water-gas shift reaction, 

CO + H 2 0 —*■ C0 2 + H 2 (11.12) 

and the preferential oxidation, 

CO + l/20 2 —> C0 2 (11.13) 

Since CO can strongly adsorb onto the surface of a Pt catalyst, it blocks the 
reaction sites for H 2 oxidation, and thus a significant overpotential is encountered. 



Figure 11.7. Cyclic voltammograms of H 2 oxidation in the presence of 2 % CO on Pt/C 
(0.10 mg cnf 2 ), Pt 50 Ru 5 (/C (0.09 mg cm 2 ), and Pt 3 Sn/C (0.12 mg cm -2 ). T = 50 °C; scan 
rate = 50 mV s -1 [22], (Reprinted from Journal of Electroanalytical Chemistry, 528(1-2), 
Leng Y-J, Wang X, Hsing I-M, Assessment of CO-tolerance for different Pt-alloy anode 
catalysts in a polymer electrolyte fuel cell using ac impedance spectroscopy, 145-52, 
©2002, with pennission from Elsevier.) 

Some Pt alloys such as PtRu, PtMo, and PtSn have shown higher CO tolerance 
than Pt alone. Pt 50 Ru 5 o is the most popular commercial catalyst for CO-tolerance. 
Figure 11.7 shows the cyclic voltammograms during the oxidation of H 2 in the 
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presence of 2% CO [22]. The onset H 2 oxidation potentials were at about 0.3, 0.5, 
and 0.8 V for PtSn/C, PtRu/C, and Pt/C, respectively. Therefore, the CO tolerance 
increased in the order of Pt/C < PtRu/C < PtSn/C. The onset potentials were 
affected by the temperature; higher temperatures led to lower onset potentials. 
Leng et al. showed that the onset potential for H 2 oxidation on PtRu reduced from 
about 0.59 to 0.50 and to 0.42 V when the cell temperature was increased from 25 
to 50 and to 70 °C in the presence of 2% CO. 

It is generally believed that the higher CO tolerance of PtSn arises from the 
weaker adsorption of CO on the surface of PtSn [ 8 ], while the higher CO tolerance 
of PtRu is due to the fact that Ru can form an oxidized surface at lower potentials 
than Pt. The oxide group on the surface of Ru then helps the removal of CO from 
the Pt surface: 

Pt-CO ad + Ru-OH ad Pt-Ru + C0 2 + H 2 0 (11.14) 

0 2 Reduction 

Oxygen reduction is a sluggish process even with the most active catalysts known 
to date, such as Pt and some of its alloys: 

l/20 2 + 2H + + 2e~ —> H 2 0 (11.15) 



Figure 11.8. Cyclic voltammograms of ORR on Pt in 0.1 M PFSI (—), 0.1 M H 3 P0 4 (—), 
or 0.1 M PFSI + 0.02 M H 3 P0 4 (- - - •). Solutions were saturated by 0 2 at 1 atm.; T = 20 °C; 
scan rate =10 mV s _1 [42], (Reproduced by pennission of ECS—The Electrochemical 
Society, from Razaq M, Razaq A, Yeager E. Perfluorosulfonimide as an additive in 
phosphoric acid fuel cell.) 

The reaction is further slowed down if some electrolyte species adsorb onto the 
catalyst surface. Figure 11.8 shows the cyclic voltammograms for 0 2 reduction on 
a Pt electrode in either 0.1 M perfluorosulfonimide (CF 3 S0 2 NHS0 2 C 4 F 9 ) (PFSI), 
0.1 M H 3 PO 4 , or 0.1 M PFSI + 20 mM H 3 P0 4 [42]. The oxygen reduction was an 
irreversible wave, and the peak currents in the three electrolyte solution were 
similar. However, the half-wave potential (the potential at 85% of the peak 
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current), Ei/ 2 , was about 30 mV higher with perfluorosulfonimide than with the two 
electrolytes containing H 3 PO 4 . Since the presence of only 20 mM H 3 PO 4 altered 
the half-wave potential so significantly, it indicated that H 3 PO 4 could strongly 
adsorb onto Pt to affect the ORR adversely. 

Cl I;OI / Oxidation 

A direct liquid fuel cell offers several potential advantages over a hydrogen fuel 
cell because the liquid fuel has a higher specific volume energy density and is 
easier to transport and store. The challenges are the slow anode oxidation kinetics 
and the high fuel crossover rate from the anode to the cathode, which cause a direct 
liquid fuel cell to perform much more poorly than a hydrogen fuel cell. 

Searching for a better catalyst for the oxidation of liquid fuels has been ongoing 
for decades. Since methanol does not contain any C-C bond and it can be almost 
completely converted to C0 2 , 

CH 3 OH + H 2 0 —> C0 2 + 6 H + + 6 e~ (11.16) 

it has become the preferred liquid fuel. Alloyed catalysts such as PtRu with a 1:1 
atomic ratio are the most active catalysts commercially available for methanol 
oxidation. 

Sivakumar and Tricoli recently reported that a PtRuIr/Vulcan XC72R ternary 
catalyst is more active than a PtRu/Vulcan XC72R [49]. They prepared these 
catalysts through a vapor deposition route using Pt(acac) 2 , Ru(acac) 3 , and Ir(acac ) 3 
precursors (acac = acetylacetonate). The Ir content of the alloy was controlled by 
changing the sublimation temperature of Ir(acac) 3 . PtRuIr/2 showed the highest 
methanol oxidation peak current, followed by PtRuIr/16 and then PtRu. The 
numbers of 2 and 16 refer to the atomic percentage of Ir within the alloys. CO- 
stripping voltammetry indicated that the onset CO oxidation potential was about 30 
mV lower on PtRuIr/2 than on PtRu. Sivakumar and Tricoli attributed this lower 
onset potential to the higher catalytic activity of PtRuIr/2 over PtRu for the 
methanol oxidation. 

Catalysts for the oxidation of other short chain alcohols and acids have also 
been actively investigated. Zhang et al. showed using linear sweep voltammetry 
that the ethanol onset oxidation potential was at approximately 0.58 V on Pt/C, 
while that on various PC-WO 3 /C was 0.15 to 0.28 V lower [65]. At the same time, 
the oxidation current on PC-WO 3 /C was much higher than that on Pt/C. So, Pt x - 
WO 3 /C had a higher catalytic activity than Pt/C towards the oxidation of ethanol. 
Chronoamperometiy also showed a higher plateau current on Pt x -W0 3 /C. 

Another attractive liquid fuel is formic acid (HCOOH), but its oxidation to C0 2 
involves only 2 electrons, and thus its energy density is about 1/3 of that of 
methanol: 

HCOOH —> C0 2 + 2H + + 2e~ (11.17) 

Liu et al. reported that at 25 °C Pd/C showed much higher catalytic activity 
over Pt/C with the open circuit voltage (OCV) of 0.74 versus 0.69 V and the peak 
power densities of 120 versus 77 mW cnf 2 [24]. The higher catalytic activity of Pd 
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and Pd-based alloys was also reported by Larsen et al. [20], It is believed that the 
higher activity of Pd towards the oxidation of formic acid is due to the acid being 
oxidized to CCL directly without going through a CO intermediate step. One 
indirect piece of evidence is that negligible CO buildup on Pd was observed by 
Larsen et al. when CO oxidative stripping was studied. 

Choi et al. showed that PtAu was a better catalyst for formic oxidation than 
PtRu [6]. The onset oxidation potential on PtAu was as low as 0.1 V, which was 
0.3 V lower than that on PtRu. At 30 °C with 6 M formic acid, the OCVs were 0.77 
and 0.61 V, and the peak power densities were 94 and 74 mW cnf 2 on PtAu and 
PtRu, respectively. They believed that the higher catalytic activity of PtAu for 
formic acid oxidation is due to the acid being oxidized to CO? directly. 

Qi and Kaufman found that 2-propanol performed much better than methanol in 
the current density region lower than about 300 mA cnT 2 [40, 39]. For example, at 
61 °C and 80 mA cnf 2 , a fuel cell gave out a voltage of 690 and 480 mV for 1M 2- 
propanol and methanol, respectively. The crossover rate of 2-propanol was only 
about 1/7 of that of methanol as measured by an electrochemical method [40]. 
They also found that a fuel cell could achieve an impressive performance using 
neat 2-propanol (e.g., 0.485 V at 200 mA cnf 2 , 60 °C), while neat methanol 
showed negligible performance [41]. A potential problem with using 2-propanol is 
that the fuel cell performance decays quite fast, especially at high current densities. 
It was proposed that this decay was due to the poisoning of the anode by the 
intermediates formed from 2-propanol oxidation. In addition, 2-propanol may not 
be completely oxidized to CO 2 . 


11.4 Rotating Disk and Rotating Ring-disk Electrode Techniques 

11.4.1 Theories and Principles 

11.4.1.1 Rotating Disk Electrode Technique 

The transport of reactants to or from an electrode usually proceeds through 
diffusion and convection (charged species can also transport through migration 
under an electrical field). Diffusion is the dominant process for the transport of the 
species around the surface of an electrode immersed in a stagnant electrolyte 
solution. There may be some natural convection going on due to the impact of 
environmental vibration and the uneven temperature distribution in the electrolyte, 
but its effect is minimal. In such cases, diffusion is exclusively used to account for 
the mass transport process. 

The mass transport rate can be significantly increased when a forced 
convention is introduced. Convection can be achieved by creating a relative motion 
of the electrode with respect to the electrolyte. A popular method for creating such 
a relative movement is by rotating the electrode. Such a method is called a rotating 
disk electrode (RDE). 

When an electrode spins, the reactant is dragged to the surface of the electrode, 
and the product is spun away from the surface of the electrode. There is still a 
stagnant reaction layer covering the surface of the electrode, and the reactant 
transports through this layer by diffusion. The thickness of this layer is controlled 
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by the angular velocity (s ') of the electrode, 0 ) = 27tf, where f is the number of 
revolutions per second. A higher angular velocity leads to a thinner diffusion layer. 
The electrode rotation rate is controlled in such a range that the flow of the reactant 
along the surface of the electrode follows a laminar pattern. A typical rotation rate 
ranges between 5 and 10,000 revolutions per minute (rpm). 

Both diffusion and convection will determine the net mass transport rate of a 
reactant to the surface of the electrode. The convention controls the thickness of 
the diffusion layer and the diffusion controls the transport rate of the reactant 
through the diffusion layer. The flux normal to the electrode surface due to 
diffusion is given by D(S 2 C/Sx 2 ), and that due to convection is given by u x (SC/Sx), 
where D is the diffusion coefficient of the species, C is the bulk concentration of 
the species, and u x is the solution velocity in the x direction, which is normal to the 
electrode surface. 

In a linear potential sweep experiment performed on a RDE, the potential of the 
working electrode is scanned from a potential where no reaction occurs to a 
potential that causes a reaction to occur. A limiting current is achieved when the 
overpotential is high enough so that the reaction rate is determined by the mass 
transport rate of the reactant at a given electrode rotation rate. The surface 
concentration of the reactant drops to zero, and a steady mass transport profile is 
attained as C/L, where L is the diffusion layer thickness. At a fixed electrode 
rotation rate, L does not change, and thus C/L does not change. Therefore, a 
steady-state diffusion-controlled current is achieved, described by the Levich 
equation: 


i d = 0.620nFAD 2/3 co 1/ V 1/6 C (11.18) 

where v is the kinematic viscosity of the electrolyte solution: v = q/d, where q and 
d are the viscosity and density of the electrolyte solution, respectively. In the 
experiments, the potential scan rate should be slow enough with respect to the 
electrode rotation rate to achieve a steady-state reactant concentration profile. 
Otherwise, the i-E plot will show a peak (refer to the Cyclic Voltammetry section). 
A linear relationship exists between i d and co 12 and this straight line goes through 
the (0, 0) origin. 

Before the disk current reaches the limiting value, the current is affected by 
both the reaction kinetics and the mass transport rate. At the reaction onset 
potential, the current is controlled by the reaction kinetics and has little to do with 
the mass transport rate. The kinetic current is expressed as 

i k = nFAkfC (11.19) 

where kf is the rate constant and is a function of the potential (or overpotential). 

In the entire potential sweeping region, the overall current i is related to i d and 
i k according to the Koutecky-Levich equation: 


1 /i = l/i k + 1/ia 


( 11 . 20 ) 
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A plot of i 1 versus co 12 is a straight line, the slope of which can be used to 
determine D (or CD 2 3 ), and the intercept of which on the y axis at kF 1/2 = 0 enables 
the determination of kf. 

If the electrode is coated with a thin film such as Nation, the reaction species 
has to diffuse through it to reach the electrode underneath. The Koutecky-Levich 
equation then becomes the following: 

1 /i = l/i k + 1 /ij + l/i f ( 11 - 21 ) 

i f = nFACfDf /6 (11.22) 

where Cf and D f are the concentration and diffusion coefficient of the reaction 
species within the film, respectively, and 5 is the thickness of the film. 

Since the reaction kinetics is very fast at the limiting current, i k becomes much 
larger than either i d or i f , and the above equation is simplified to 

l/ilim = 1/id + 1/if= 1/id + 5/nFACfD f (11.23) 

From the intercept on the y axis of the plot of i| im 1 versus 0 ) l 2 , CfD t can be 
obtained. 

11.4.1.2 Rotating Ring-disk Electrode Technique 

A rotating ring-disk electrode (RRDE) is obtained when a coaxial ring electrode is 
added outside the disk electrode. As the product that forms at the disk electrode is 
continuously swept away due to the rotation of the electrode, it will be detected by 
the ring electrode. Typically, the potential of the ring electrode (E R ) is set at a value 
high enough to cause the immediate reaction of the product coming from the disk 
electrode. E R helps the identification of the product on the disk electrode, and the 
current observed at the ring electrode (i R ) shows how much product forms on the 
disk electrode. Typically, if reduction (or oxidation) occurs on the disk electrode, 
oxidation (or reduction) is arranged to occur on the ring electrode. 

The ring current in relation to the disk current is controlled by the geometry of 
the disk (ri, radius) and the ring electrodes (r 2 , r 3 , inner and outer radius, 
respectively) (Figure 11.9). The ratio of the ring current to the disk current is called 
the collection efficiency: 

N = -i R /i D (11.24) 

where the negative sign means that the ring current and the disk current have 
opposite signs. N is solely determined by r 1; r 2 , and r 3 , and can be calculated using 
these numbers [2]. N can also be experimentally determined by using an 
electrochemically active species such as Fe(CN) 6 3 T The disk current from the 
reduction of Fc(CN ) 6 3 to Fc(CN ) 6 4 is generated, and the ring current from the 
oxidation of the resulting Fc(CN ),- 4 is measured. Then N is calculated by the ratio 
of the two currents. 
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RRDE is a very useful technique for estimating how much H 2 O 2 is produced 
during the ORR process. H 2 O 2 is a species that can cause damage to the fuel cell 
components. 

11.4.2 Instrumentation 

The potentiostat described earlier is used to control the potential of the working 
electrode and to measure the corresponding current for an RDE. A bipotentiostat is 
required for an RRDE because the potentials of both the disk electrode and the ring 
electrode need to be controlled. A bipotentiostat also allows the currents on both 
electrodes to be measured independently. 

The disk and the ring-disk electrodes are normally sealed in a Teflon rod. The 
rotation of the rod is achieved by using a rotator through a brush-type contact. 
Basically, a motor drives the rotation of the rod mounted onto the rotator at 
controllable and adjustable rates ranging from about 5 to about 10,000 rpm. The 
rod is held in a vertical position with the electrode immersed in an electrolyte 
solution. 

11.4.3 Fuel Cell-related Applications 

11.4.3.1 H 2 Oxidation 

Schmidt et al. used RDE to study the impact of the Nafion film thickness on the 
mass transport resistance for HOR (Figure 11.10) [48]). They first deposited a thin 
layer of Pt/C on the surface of a glassy carbon disk, and covered the Pt/C layer 
with a thin layer of Nafion. The purpose of the thin Nafion film was to improve the 
adhesion of the catalyst on the electrode surface. An additional mass transport 
resistance was encountered due to the presence of this thin Nafion film, and 
Equation 11.21 applies. Figures 11.10(a) and 11.10(b) show the limiting FIOR 
current densities with 15 and 0.1 um-thick Nafion films, respectively. Figure 
11.10(c) shows the Koutecky-Levich plot for Nafion films of 0.1, 2.4, 3.6, and 15 
pm thickness. Figure 11.10(d) shows the inverse of the Levich intercept (co —> 00) 
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versus the inverse of the Nation film thickness. The limiting current density 
changes little up to about 1/5 = 2 pm, which means that a Nafion film with a 
thickness of less than 0.5 pm does not add additional resistance to the reactant 
diffusion. Schmidt et al. also used a 0.2 uni-thick Nafion film-coated electrode to 
measure the CO tolerance of Pt/Vulcan using RDE [47]. 



Figure 11.10. (a) Hydrogen oxidation on a 15 pm-thick Nafion film; (b) Hydrogen 
oxidation on a 0.1 pm-thick Nafion film; (c) Koutecky-Levich plots based on the hydrogen 
oxidation data with different Nafion film thicknesses; (d) Inverse Levich intercepts obtained 
from (c) vs. inverse film thickness. T = 25 °C; Pt loading = 7 pg cm 2 ; 0.5 M H 2 SO 4 ; scan 
rate = 10 mV s ” 1 [48], (Reproduced by pennission of ECS—The Electrochemical Society, 
from Schmidt TJ, Gasteiger HA, Stab GD, Urban PM, Kolb DM, Behm RJ. Characterization 
of high-surface-area electrocatalysts using a rotating disk electrode configuration.) 

11.4.3.2 0 2 Reduction 

Lawson et al. used microelectrodes to determine the oxygen concentrations and 
diffusion coefficients within 0.7 M EI3PO4 solution and Nafion thin films, 
respectively [21]. They determined D and C of oxygen in 0.7 M H3PO4 from the 
plots of i versus t 1/2 (Equation 11.3) and i| lin 1 versus co 12 (Equation 11.23), 
respectively, at a bare Pt microelectrode. Also, by plotting i 1 versus nf 1/2 in the 
rising kinetic current region at various potentials, they determined i k through the 
intercepts (Equation 11.20). They determined D f and Cf of oxygen in the Nation 
film from the plots of i| lln 1 versus kT i/2 (Equation 11.23) and Q versus t 12 
(Equation 11.4). They found that the oxygen diffusion coefficient in Nafion film 
was nearly one order of magnitude smaller than that in 0.7 M EI3PO4 electrolyte, 
while the oxygen concentration within the Nafion film is about 3 times as large as 
that in 0.7 M EI3PO4. The kinetic current at a Nafion-coated Pt was slightly higher 
than that at a bare Pt. 

Using the same techniques, Parthasarathy et al. determined the impact of 
temperature on the oxygen diffusion coefficient and solubility in Nafion [32]. They 
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found that the diffusion coefficient increased with temperature while the solubility 
decreased with temperature, and both showed a steeper change at around 50 °C. 
They believed that this was related to the faster water uptake rate of the membrane 
up to 50 °C. 

It has been well established that alloys of Pt with some base metals such as Co, 
Ni, and Cr have higher catalytic ability than Pt alone. Some alloys of Pt with other 
noble metals have also been shown to have higher catalyst ability. By analyzing the 
data from the Koutecky-Levich plots using Pt x Ir y and Pt catalysts, Ioroi and Yasuda 
found that alloying Pt with 5 to 20% wt. Ir enhanced the kinetic current, i k , for 
ORR by a factor of about 1.5 at 0.8 V [18]. 

RRDE is often used to study the extent of H 2 0 2 formation during the ORR via 
the following side reaction: 

0 2 + 2H + + 2e~ -» H 2 0 2 (11.25) 

This is a 2-electron reaction process, and the H 2 0 2 produced can form radicals such 
as -OH and OOH. These radicals can attack the ionomer to cause it to decay. It is 
believed that radical attack is one of the major membrane failure mechanisms. 
Catalysts that lead to negligible formation of H 2 0 2 or operating a fuel cell under 
conditions that lead to negligible formation of H 2 0 2 are preferred in order to 
minimize such an attack. 

In an RRDE configuration for evaluating the amount of H 2 0 2 produced during 
ORR, the potential of the disk electrode scans from about 1.0 to 0.4 V or lower and 
the ring potential is kept constant at 1.2 to 1.4 V, which can quickly oxidize H 2 0 2 . 
The ratio of H 2 0 2 formed from one 0 2 molecule can be calculated by 

X ao ,= [(2 I r /N)]/(I d + I r /N) (11.26) 


where N, I R , and I D are the collection efficiency (refer to Equation 11.24), the 
current density at the ring, and the current density at the disk, respectively [25]. 

According to the a study by Pauhis et al. [33], the ORR reached the diffusion- 
controlled current when the disk potential became lower than about 0.6 V, while a 
negligible amount of H 2 0 2 was observed at the ring electrode when the disk 
potentials were higher than 0.6 V (Figure 11.11). A significant amount of H 2 0 2 
was detected at the ring electrode when the disk potential was in the hydrogen 
underpotential deposition region (e.g. , < 0.3 V). Based on the disk and the ring 
currents, the amount of H 2 0 2 was less than 1% when the disk potential was higher 
than 0.2 V, and it increased to higher than 5% at disk potentials lower than 0.1 V. 
The increase in the amount of H 2 0 2 in the hydrogen adsorption region is believed 
to be due to the coverage of the disk electrode by the hydrogen atoms, which 
inhibits the 4-electron reduction of 0 2 . 

What can be inferred from this experiment is that the amount of H 2 0 2 produced 
at the cathode is low when a PEM fuel cell is under normal operation. If some 
oxygen gets into the anode (e.g., through diffusion or air bleed) a significant 
amount of H 2 0 2 will form at the anode due to its low potential. 
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Figure 11.11. Potentiodynamic current densities on (a) glassy carbon disk for O 2 reduction 
and (b) Pt ring electrode for H 2 0 2 oxidation obtained in an RRDE study. The disk electrode 
was coated by Pt/Vulcan with a Pt loading of 0.014 mg cm 2 . T = 60 °C; 0.5 M EESO 4 
saturated with 1 bar 0 2 ; scan rate = 5 mV s -1 ; E R = 1.2 V [33], (Reprinted from Journal of 
Electroanalytical Chemistry, 495(2), Paulus UA, Schmidt T J, Gasteiger H A, Behm R J, 
Oxygen reduction on a high-surface area Pt/Vulcan carbon catalyst: a thin-film rotating ring- 
disk electrode study, 134-45, ©2001, with permission from Elsevier.) 


11.5 Electrochemical Impedance Spectroscopy 

11.5.1 Theories and Principles 

An electrochemical reaction involves processes such as mass transport, charge 
separation, charge transfer, electronic and ionic resistances, and so on. These 
processes often have different time constants and they proceed on different time 
scales. The impact of these processes on the voltage and current measured in a 
direct current (DC) experiment is combined and convoluted. 

Since alternating current (AC) can be generated at various frequencies, it offers 
a means to probe processes with different time constants. In a typical process, an 
AC input voltage is imposed onto a DC voltage that sets the system at a chosen 
steady state. The magnitude of the AC voltage is small enough (e.g., around 10 
mV) that it does not disturb the steady state of the system, and a nearly linear AC 
current response to the AC voltage perturbation is achieved. The linear relationship 
between the voltage and current typically holds when the perturbation voltage is 
lower than the thermal voltage, V T = RT/F. For example, at 25 °C, V T is around 26 
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mV. In a linear relationship, the result is the same by perturbing the system using 
either a voltage (and thus measuring the corresponding current) or a current (and 
thus measuring the corresponding voltage). The frequency of the AC signal may 
vary from 1 MHz or higher to 1 mHz or lower. Fast processes can respond to AC 
perturbations at high frequencies, while slow processes can respond to only low- 
frequency perturbations. Therefore, processes with different time constants are de- 
convoluted. 

When a sinusoidal AC voltage, E = Esincot, is applied to a pure resistor (R) as 
E r , the corresponding current, 

i = E r /R = (E R sincot)/R (11.27) 

is in phase with E R . Both E and 1 are vectors rotating at an angular frequency of co. 
When E is applied to a capacitor (C) as E c , the corresponding current, 

i = C(dE c /dt) = coCEccoscot = E c sin(cot + jt/2)/X c (11.28) 

is jt/2 ahead of E c . Here X c = l/(coC), and is called the capacitive resistance, which 
is a counterpart to the Ohmic resistance. Subscript R or c is used here to indicate 
that E is applied to either a resistor or a capacitor. If we plot vectors E and I in a 
complex plane, and assign the positive segment of the abscissa to I, then E R and 
E c will have 0 and jc/ 2 angles with I, respectively. E c falls on the ordinate and can 
be assigned as imaginary in a complex notation by using j = (-1) 1/2 . Then E c = - 
jX c I, where j means E c is jc/ 2 degrees apart from I, and the minus sign means that 
the voltage lags behind the current. 

When E is applied to a resistor R and a capacitor C that are connected in series, 

E = E r + E c = 1(R - jX c ) = 1Z (11.29) 

where E and I has a phase angle between 0 and Jt/2 with 1 being ahead of E. Vector 

Z = R — jX c (11.30) 

is called impedance. E has an angle (0) with the x-axis given by tanO = X c /R. In a 
complex plane notation, R and X c are plotted along the abscissa and the ordinate, 
and are typically called “real” and “imaginary” impedance, respectively (Figure 
11.12). They are often expressed by Z Rc (or Z’) and Z [m (or Z”), respectively. 
Although the latter is called imaginaiy, it exists physically. The length of vector Z 
equals (R 2 + X c 2 ) 12 . The inverse of impedance is called admittance, 

Y = 1/Z (11.31) 

and is equivalent to conductance. 

The response of a reaction process to an AC perturbation is similar to that of a 
combination of resistors and capacitors, and this is not difficult to understand. 
Since electronic and ionic resistances will be encountered when electrons and ions 
move during an electrochemical process, it is obvious that resistors are involved in 
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the reaction process. At the same time, charge accumulation occurs at the 
electrode-electrolyte interface during the reaction process, so the process also 
involves capacitance. Therefore, we can use the combination of resistors and 
capacitors to simulate a reaction process via the so-called equivalent circuit 
approach. 



Figure 11.12. Illustration of impedance Z and its real and imaginary components 

Figure 11.13 illustrates a basic equivalent circuit to represent a general 
electrochemical reaction. R s represents the electric resistance, which consists of the 
ionic, electronic, and contact resistances. Since the electronic resistance is typically 
much lower than the ionic resistances for a typical fuel cell MEA, the contribution 
of the electronic resistance to R s is often negligible. C ( | is the double-layer 
capacitance associated with the electrode-electrolyte interfaces. Since a fuel cell 
electrode is three-dimensional, the interfaces include not only those between the 
surfaces of the electrodes and the membrane but also those between the catalysts 
and the ionomer within the electrodes. R ct is the resistance associated with the 
charge transfer process and is called charge transfer resistance. Z w is called the 
Warburg impedance; it describes the resistance arising from the mass transport 
processes. 
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Figure 11.13. Illustration of a basic equivalent circuit for an electrochemical reaction. R s - 
Ohmic resistance; R ct - charge transfer resistance; Cd - double-layer capacitance; Z w - 
Warburg impedance. 

The major shortcoming of an equivalent circuit approach is that an impedance 
pattern obtained experimentally can be presented by more than one equivalent 
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circuit. So, an understanding of the physicochemical process is needed in order to 
build the right equivalent circuit model. The correctness of the equivalent circuit 
can also be validated if the experimental data are in agreement with those obtained 
by other techniques. 

R s , C d , R ct , and Z w respond differently to AC sinusoidal excitations of various 
frequencies. A Nyquist plot showing the real impedance on the x-axis and the 
imaginary impedance on the y-axis in a complex plane is often used to illustrate the 
results of the equivalent circuit in response to excitations of a wide range of 
frequencies. Unless an extremely high frequency is used and wiring inductance 
cannot be eliminated, R s often appears on the x-axis of the Nyquist plot as a single 
point at the high frequencies. A capacitor has negligible resistance at high 
frequencies and a huge resistance at low frequencies. When a resistor and a 
capacitor are connected in parallel, the combined impedance, 

Rtotai = R c t/(1 + raR c tC d ) (11.32) 

is negligible at extremely high frequencies because the capacitor poses zero 
resistances (and thus all the AC current passes through it). The combined 
impedance at extremely low frequencies is the resistance of the resistor because the 
capacitor is just like an opened switch (and all the AC current passes through the 
resistor). The difference between the two intercepts on the x-axis is the resistance 
of the resistor, R ct . At frequencies between the extreme high and the extreme low, 
the AC current passes through both the resistor and the capacitor, and the 
combined impedance forms a semicircle the radius r of which equals R ct /2. The top 
point of the semicircle occurs at the frequency of co = l/R ct C d . 

At a lower frequency the double-layer is thicker than at a higher frequency, and 
the reaction rate can be affected by the mass transport rate of the reactant. The 
impact of the mass transport resistance can show up even at frequencies that are 
not very low if the reaction kinetics is very fast. Warburg impedance is generally 
used to represent the resistance due to the mass transport. Mathematically it can be 
shown that Z Im and Z Rc of the Warburg impedance form a straight line with a slope 
of 45° with the abscissa (e.g., phase angle = 45°) [2]. For reactions with extremely 
fast kinetics, it is likely that the semicircle related to R ct becomes too small to be 
observed and a 45° straight line due to the Warburg impedance shows up as the 
key feature. 

Mass transport resistance is not limited only to the reactants or the products. 
Transport of other species such as electrons and protons can also pose mass 
transport resistance. For example, under dry conditions the transport of protons 
through the membrane and within the catalyst layers could dominate the mass 
transport process. 

Flypothetically, if two kinetically slow reactions occur simultaneously (e.g., 
methanol oxidation on the anode and oxygen reduction on the cathode in a 
DMFC), and their time constants (x = RC = 1/tOpeak) are different enough (e.g., over 
2 orders of magnitude), the equivalent circuit will be like the one shown in Figure 
11.14. The Nyquist plot shows two semicircles that represent the two reaction 
processes. 
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Figure 11.14. Illustration of equivalent circuit and the corresponding Nyquist plot for an 
electrochemical reaction involving two resolvable processes. R s = 1 £2; Rj = 1 £2; C 2 = 10 F; 
R 2 = 2 fl; C 2 = 0.001 F; negligible Warburg impedance. 

Induction is often observed at high frequencies in the 4 th quadrant due to 
wiring. Short wires are helpful for minimizing the induction effects. 

In reality, the double layer in an electrochemical reaction does not behave like a 
pure capacitor. The center of the semicircle does not fall on the real impedance 
axis. Instead, it falls below this axis. A constant phase element (CPE) is then used 
to describe the depressed semicircle (which is actually an arc): 

X CPE = l/(coC)“ (11.33) 

where a, called the phase parameter, is less than 1. For a pure capacitor, a equals 
1. The phase angle for a pure capacitor is -90°, while for a CPE, the phase angle is 
-90° multiplied by a. The center of the compressed semicircle will fall on a 
straight line that originates from the higher frequency intercept of the depressed 
semicircle and forms an angle with the real impedance axis in the 4 th quadrant at 

<h = (l-a)90° (11.34) 

Thus a = 1 - 0/90 (Figure 11.15) 

A fuel cell electrode is porous and three-dimensional instead of flat. Its 
thickness varies at different locations. The reaction rates can be quite different 
from point to point due to the endless differences in the three-phase boundaries. 
The current distribution is not homogeneous at either micro- or macro-levels. For 
example, the inlet regions normally have higher current densities than the outlet 
regions. All these factors (three dimensions, uneven thickness, heterogeneous 
reaction rates, and uneven current distribution) could attribute to the double layers 
behaving differently from a pure capacitor. 
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Figure 11.15. Illustration of a constant phase element oil a Nyquist plot 

11.5.2 Instrumentation 

The equipment is required to perform three basic functions: generating a DC input 
signal, generating an AC input signal, and analyzing the results. A DC signal 
generator such as a potentiostat sets the cell at a steady state at a chosen voltage (or 
current). The AC signal generator adds a sinusoidal wave with varying frequencies 
on top of the DC signal. The cell response to the AC perturbation is analyzed by a 
frequency response analyzer (FRA). 

11.5.3 Application in Fuel Cells 

11.5.3.1 Measurement of Membrane Ionic Conductivity 

Impedance can be used to measure the ionic resistance of an electrolyte membrane 
in either a two-probe or a four-probe configuration. In the two-probe configuration, 
two wires are placed near the ends of a rectangular piece of membrane for both the 
current generation and the voltage measurement. In the four-probe configuration, 
the current is generated through the outer two wires and the voltage is measured 
between the inner two wires. The advantage of the four-probe configuration is the 
minimization of the impact of contact resistance on the voltage measurement 
because the measuring device has high input impedance. If the distance between 
the voltage measuring wires is 1, the thickness of the membrane is d, and the width 
of the membrane is w, then the in-plane bulk resistance of the membrane is 

R = (pl)/(wd) (11.35) 

and thus p = Rwd/1. 

Figure 11.16 shows the electrochemical impedance spectroscopy (EIS) of a 
Nation 115 membrane measured using a two-probe configuration [61]. Pt strips 2 
mm wide and 0.127 mm thick were used as the probes and were placed 0.4, 1.6, 
and 2.7 cm apart. Each Nyquist plot has a slightly depressed semicircle in the 
higher frequency region and a straight line in the lower frequency region. The 
resistance is the diameter of the semicircles. Xie et al. proposed that the charge 
build up at the membrane-probe interface accounted for the linear response in the 
lower frequency region. A good way to get the resistance value is to fit the 
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experimental points with an equivalent circuit. However, using the interpolation of 
either the semicircle or the straight line can serve as a reasonably good 
approximation. 
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Figure 11.16. EIS of Nafion 115 membrane at 25 °C with two measuring probes 0.4, 1.6, 
and 2.7 cm apart [61], (Reproduced by permission of ECS—The Electrochemical Society, 
from Xie Z, Song C, Andreaus B, Navessin T, Shi Z, Zhang J, et al. Discrepancies in the 
measurement of ionic conductivity of PEMs using two- and four-probe AC impedance 
spectroscopy.) 

Sone et al. used a four-probe configuration to study the impact of temperature 
and RH on the ionic conductivity of a Nafion 117 membrane [50], They quantified 
the conductivity change with RH and showed that the ionic conductivity of the 
membrane decreased with the heat-treatment temperature ranging from 80 to 120 
°C. Heat treatment led to the microstructural change of the membrane and caused it 
to lose some of its ability to take up water. 

The two-probe configuration can also be used to measure the through-plane 
resistance of a membrane by sandwiching the membrane between two Pt sheets or 
foils: 


R=(pl)/s (11.36) 

where 1 and s are the thickness and the area of the membrane, respectively. Then 
p = Rs/1. Cahan and Wainright used such a configuration to characterize a Nafion 
117 membrane [5]. Also, according to measurements taken by Zawodzinski et al. 
at 30 °C [64], the ionic conductivity of a Nafion 117 membrane is linearly related 
to the hydration level (/,) of the membrane. 7, is defined as the number of water 
molecules held by each sulfonic acid group 

k = N H 2 o/Nso3h 


(11.37) 
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EIS has also been used to measure the ionic resistance of catalyst layers. 
Poltarzewski et al. studied the ionic resistances of electrodes with vaiying Nation 
loadings [36]. Guo et al. used porous electrode theory to derive a compact equation 
for the impedance response of a cathode at the OCV [14]. They found an increase 
in the ionic conductivity of catalyst layers with an increase in the Nation loading 
from 0.33 to 1.13 mg cm~ 2 . 


Pt/C-Nafion Catalyst Layer 



Figure 11.17. Illustration of the finite transmission-line equivalent circuit for a porous 
electrode 

Li and Pickup used impedance to evaluate the impact of the Nation loading on 
the ionic resistance of the cathode catalyst layer, and profiled the ionic resistance 
through the thickness of the catalyst layer [23]. They applied 1 V to the cathode, 
which was fed with nitrogen to mimic the OCV of a H 2 /O 2 fuel cell. Under such 
conditions the Faradic current is negligible and the impedance spectrum is 
dominated by the double-layer capacitance of the catalyst/Nafion interface. The 
Nyquist plots consisted of a 45° region at higher frequencies and a nearly 90° 
region at lower frequencies. Since the process was basically charging a porous 
electrode, they used a finite transmission-line equivalent circuit to describe the 
impedance behavior (Figure 11.17). The electronic resistance rail, which represents 
the electron transport within a catalyst layer, and the ionic resistance rail, which 
represents the proton transport within a catalyst layer, are connected by capacitors 
that represent the catalyst/electrolyte interfaces within the catalyst layer. 
Simulation of the experimental data based on a transmission line consisting of 40 
equal capacitors and 40 unequal ionic resistors allowed them to quantify the ionic 
conductance distribution through the thickness of the cathode at different Nafion 
loadings. They found that the ionic conductivity was fairly constant within about 3 
pm from the membrane, and it then dropped steeply to nearly zero about 7 pm 
away from the membrane (Figure 11.18). 

Zawodzinski et al. employed a hydrogen pumping technique to measure the 
number of water molecules dragged by a proton [64]. They assembled a membrane 
between two porous Pt electrodes and kept it in direct contact with liquid water at 
both sides. The amount of FI 2 O dragged by FI 1 through the membrane from the 
anode to the cathode side at a given current was determined by measuring the 
change in the height of the water capillary columns. Their studies indicated that 
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one H + dragged about 1 and 3 FFO molecules through Nation 117 membrane at 30 
°C at membrane hydration levels of 11 and 22 H 2 O/SO 3 H, respectively. 



Figure 11.18. Proton conductivity profiles within catalyst layers with different Nation 
loadings. T = 23 °C; cathode Pt loading = 0.4 mg cm 2 [23], (Reproduced by pennission of 
ECS—The Electrochemical Society, from Li G, Pickup PG. Ionic conductivity of PEMFC 
electrodes: effect of Nafion loading.) 

Ren et al. reported that the electroosmotic drag numbers increased with 
temperature for a fully hydrated Nafion 117 membrane [44]. The drag numbers 
were reported to be 2 and 5 H 2 0/H + at 15 and 130 °C, respectively. They obtained 
the drag numbers by balancing the water collected at the cathode in an operating 
DMFC, where water back-diffusion from the cathode to the anode is negligible. 

11.5.3.2 H 2 Oxidation 

The H 2 oxidation reaction is not difficult when Pt or some of its alloys are used as 
the catalyst in the fuel cell anode. Ciureanu and Wang studied the EIS of H 2 using 
a H 2 /H 2 cell configuration at an OCV of 0 V. Two arcs in high- and low-frequency 
regions were observed (Figure 11.19) [7]). They attributed the high-frequency arc 
to the charge transfer process: Pt-H ac j —* Pt + H 1 + c (Volmer reaction), and the 
low-frequency arc to the chemisorptions of H 2 : H 2 + 2Pt —* 2 Pt-F4 a<1 . 

Wiezell et al. developed a steady-state model to explain the EIS of the FIOR on 
porous electrodes [57]. The model predicted that the EIS of the HOR would have 
three to four loops. The high-frequency loop is due to the Volmer reaction and the 
medium-frequency loop is due to the hydrogen adsorption. The low-frequency 
loops arise from the impact of the water content on both the reaction kinetics and 
the membrane ionic conductance. Experimentally Wiezell et al. observed two 
semicircles at 10 4 and 0.01-0.1 FIz, and they attributed them to hydrogen 
adsorption and the impact of water, respectively [58]. They believed that the loop 
for the Volmer reaction required extremely high frequencies in order to be 
measured experimentally. 
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Figure 11.19. Impedance of H 2 /H 2 cell at 0.0 V. Points—experimental data; line—curve fit 
using an equivalent circuit. T = 50 °C; anode or cathode Pt loading =1.7 mg cm 2 [7]. 
(Reproduced by permission of ECS—The Electrochemical Society, from Ciureanu M, Wang 

H. Electrochemical impedance study of electrode-membrane assemblies in PEM fuel cells: 

I. electro-oxidation of H 2 and H 2 /CO mixtures on Pt-based gas-diffusion electrodes.) 

Since the HOR proceeds much faster than the ORR, its impedance normally 
becomes negligible in a H 2 /0 2 fuel cell. In other words, the impedance in a H 2 /0 2 
fuel cell arises primarily from the ORR. 

11.5.3.3 Hi + CO Oxidation 

Since CO can strongly poison the fuel cell catalyst, the HOR is seriously affected 
by the presence of CO. Figure 11.20 shows the EIS of HOR during poisoning by 
100 ppm CO at a current density of 217 mA cnf 2 [55]). Curve 1 was collected at 
the beginning of the experiment (t = 0 s) when negligible CO poisoning had 
occurred. It showed a depressed semicircle along with the onset of a second 
semicircle. Curve 2 was collected at t = 3601 s, and one and a half semicircles were 
observed. The real impedance is larger than that in curve 1 due to the poisoning of 
the electrode by CO. Curves 3 to 6 were collected at t = 5402, 7204, 9605, and 
11404 s, respectively. The impedance increased with time, and the two semicircles 
were no longer resolvable visually. Also, pseudo-inductive behavior developed at 
the low frequencies and appeared below the x-axis. Inductive behavior means that 
the current is behind the voltage perturbation with a phase angle less than or equal 
to 90°. 

The pseudo-inductive impedance pattern has also been observed by other 
researchers when H 2 /CO was used as the fuel. The size of the impedance circle is 
related to the overpotential of the anode according to Wang et al [56]. A higher 
overpotential results in a smaller circle. Ciureanu and Wang [7] and Wang et al. 
[56] found that at potentials lower than the CO oxidation potential, the inductive 
behavior did not exist. Since the CO oxidation potential is lower on PtRu and PtSn 
than on Pt, the appearance of the inductive loop should appear at lower anode 
overpotentials on these alloys. This was indeed observed by Leng et al [22]. 

The pseudo-inductive behavior is known to happen in systems with adsorbed 
species the coverage of which changes with the potential [12]. Ciureanu and Wang 
postulated that the pseudo-inductive impedance in the presence of CO was due to 
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the oxidation of adsorbed CO coupled with the further oxidation of H 2 on the 
resulting CO-free Pt surface sites [7]. In other words, the current from H 2 oxidation 
is slightly delayed with respect to the voltage perturbation at a CO-poisoned 
electrode surface. 



Figure 11.20. Nyquist plots measured at different times during poisoning of a Pt/C anode 
with 100 ppm CO in H 2 . Cell T = 80 °C; current density = 0.217 A cm " 2 ; anode Pt loading = 
0.4 mg cm 2 ; Natron 117 membrane [55], (Reprinted from Electrochimica Acta, 48(25-26), 
Wagner N. and Schulze M., Change of electrochemical impedance spectra during CO 
poisoning of the Pt and Pt-Ru anodes in a membrane fuel cell (PEFC), 3899-907, ©2003, 
with permission from Elsevier.) 

11.5.3.4 CH 3 OH Oxidation 

A pseudo-inductive pattern was also observed during the oxidation of methanol, 
implying that the oxidation process involves intermediates such as CO that adsorb 
onto the catalyst surface [28]. The impedance circle decreased with the increase of 
the anode overpotential. Muller et al. postulated that the decrease in the CO 
coverage with increasing potential had some time delay between the start of the 
potential perturbation and the establishment of a new steady-state coverage, and it 
was this phase delay that led to the inductive pattern. 

Sugimoto et al. showed that only capacitive behavior was observed at an anode 
overpotential lower than the onset methanol oxidation potential [52]. The Nyquist 
plot was a slightly curved line with a slope in the vicinity of 90° at a potential 
lower than the onset oxidation potential. Only at a potential higher than the CO 
oxidation onset potential were (semi)circles with pseudo-inductive loops observed. 

The impedance pattern from methanol oxidation was successfully modeled by 
assuming a porous electrode structure and a reaction mechanism that involves 
strongly adsorbed species such as CO [35]. 

11.5.3.5 O: Reduction 

Impedance is often used to study the cathode reaction in a fuel cell configuration. 
Since the HOR proceeds much faster than the ORR, the H 2 anode is taken as a 
reference electrode the contribution of which to the impedance is negligible. In a 




584 Z. Qi 


H 2 /air fuel cell the Nyquist plot typically shows a high-frequency semicircle and a 
low-frequency semicircle, as shown in Figure 11.21. The high-frequency 
semicircle is related to the reaction kinetics. It becomes smaller as the cathode 
overpotential increases (or as the cell voltage decreases). The low-frequency 
impedance is believed to be due to mass transport resistance; evidence of this is 
that when the flow rate of air is increased, the impedance of this semicircle 
becomes smaller. Springer et al. demonstrated that when the air was replaced by 
oxygen, the semicircle at low frequencies disappeared completely [51]. A flooded 
electrode and a thicker gas diffusion layer (GDL) are expected to lead to a larger 
low-frequency impedance semicircle due to the increased mass transport 
resistance. The high-frequency intercept at the real axis is the ionic resistance plus 
the contact and the electronic resistances. The ionic resistance includes that of the 
membrane and that of the catalyst layers. 


_ -0.25 - 

"g 

E -0.20 - 

.c 

o 


□ □ 

□ □ 

□ □ 




□ 

□ 

□ 


0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 


Z' (ohm cm 2 ) 


Figure 11.21. Nyquist plot of a H 2 /air phosphoric acid fuel cell operated at 0.2 A cm 2 . T = 
180 °C; air stoichiometry = 1.35; hydrogen stoichiometry = 10. 


In addition to the equivalent circuit method, the impedance results can also be 
analyzed using mathematical models based on physicochemical theories. Guo and 
White developed a steady-state impedance model for the ORR at the PEM fuel cell 
cathode [15]. They assumed that the electrode consists of flooded ionomer-coated 
spherical agglomerates surrounded by gas pores. Stefan-Maxwell equations were 
used to describe the multiphase transport occurring in both the GDL and the 
catalyst layer. The model predicted a high-frequency loop due to the charge 
transfer process and a low-frequency loop due to the combined effect of the gas- 
phase transport resistance and the charge transfer resistance when the cathode is at 
high current densities. 

In a DMFC, methanol can transport through the membrane to the cathode side, 
where it is oxidized. This results in a much lower mixed cathode potential. Piela et 
al. found that the cathode impedance spectrum in a DMFC also showed pseudo- 
inductive behavior. They modeled such a behavior by treating the cathode as a 
highly non-equipotential electrode consisting of the ORR and the methanol 
oxidation [35]. 
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11.6 Current Interruption and Current Pulse Techniques 

11.6.1 Principles and Instrumentation 

The current interruption technique enables a quick evaluation of losses from a 
running fuel cell due to the Ohmic resistance and the charge transfer resistance. 
When a fuel cell runs at a current density with a negligible mass transport 
resistance, its voltage deviates away from the OCV because of the losses caused by 
the Ohmic resistance and the activation overpotential. If the load is removed 
suddenly, the loss due to the Ohmic resistance recovers instantly, while the loss 
due to the reaction kinetics disappears at a slower rate because of the capacitor- 
type behavior, giving a cell voltage versus time plot like the one schematically 
shown in Figure 11.22. Before time zero the cell is running at a current density of 
0.7 A cm" with a voltage of 0.60 V. At time zero the cell is switched to the open 
circuit and the current drops to zero. The cell voltage immediately increases to 0.80 
V from 0.60 V, and it then gradually approaches an OCV of 0.97 V. The 
instantaneous jump from 0.60 to 0.80 V represents the voltage loss due to the 
Ohmic resistance, V ohm , while the voltage difference between 0.80 and 0.97 V in 
the curved region arises from the charge transfer resistance, V ct . Therefore, the 
resistances due to the Ohmic resistance, R nhnl . and that due to the reaction kinetics, 
R ct , can be calculated according to the following: 


Ret = Vct/I (11.38) 

Rohm = V 0hm /I (11.39) 



Figure 11.22. Schematic illustration of voltage vs. time plot during a current interruption 
experiment 

Biichi et al. estimated that the Ohmic resistance responds to a current change in 
less than 0.5 ns, while the charge transfer resistance responds to a current change in 






586 Z. Qi 


more than 10 ns [3], So, the two processes can be well separated during a current 
interruption experiment. 

The time constant during the discharge of an electrochemical process can be 
estimated by the following equation according to Newman [29]: 

r ct =(RTC)/Fi 0 (11.40.) 

where C is the area specific capacitance and i 0 is the exchange current density. A 
higher C and a lower i Q will result in a larger time constant. Since a fuel cell uses a 
porous electrode with large catalyst/electrolyte interfaces and the ORR is very 
sluggish, the time constant is expected to be much larger than that of the Ohmic 
resistance. 

The current pulsing technique applies a very short current pulse to an 
electrochemical cell to disturb it temporarily. The cell is initially running at a 
steady state with current f and voltage Ei. After a pulsing current I 2 is applied, the 
cell moves to another state with a current of I] + I 2 and voltage of E 2 . When the 
pulsing current I 2 is stopped, the current returns to I b and the cell voltage will 
return to Ei. A voltage versus time pattern like the one shown in Figure 11.23 is the 
result [3]. The voltage difference between E 2 and E 3 in the vertical region 
corresponds to the Ohmic resistance, and it can be calculated by (E 3 -E 2 )/I 2 . Since 
the pulsing duration is very short in such a measurement, it imposes little influence 
on the physical properties of the cell. For example, any additional heat generated 
by the pulsing current is negligible compared to that continuously generated by the 
fuel cell. 

Because the time constants of the voltage decay in these measurements are so 
small, a fast digital oscilloscope is typically used for the measurement. It is 
connected to the anode and the cathode current collectors of the cell. 
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Figure 11.23. Cell voltage transients due to a 5 A, 10 ps pulse. Cell DC current density = 
0.357 A cm" 2 , T = 60 °C; electrode active area = 16.8 cm 2 [3], (Reproduced by pennission 
of ECS—The Electrochemical Society, from Bilchi FN, Marek A, Scherer GG. In situ 
membrane resistance measurements in polymer electrolyte fuel cells by fast auxiliary 
current pulses.) 
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11.6.2 Application in Fuel Cells 

As shown in Figure 11.23, Biichi et al. applied a 5 A pulse with a duration of 10 Lis 
to a cell running at different current densities [3], The 5 A pulse was applied to the 
cell at time -10 ps to cause its voltage to decline by about 40 mV. At time zero, the 
pulse was stopped and the cell voltage recovered quickly. The voltage change 
represented by the vertical line was due to the Ohmic resistance. The voltage 
difference from the tip of this vertical line to the dotted line, E r E 3 , was the 
additional activation overpotential caused by the 5 A pulse. 

It was pointed out by Biichi et al. that it is absolutely necessary to be able to 
produce the current decay within a few nanoseconds and to measure the voltage 
with at least a gigahertz of resolution in order to minimize the systemic error. The 
accuracy of the resistance measurement was independent of the pulse duration 
from 10 to 100 ns [3]. 



Figure 11.24. In situ resistances of Nafion membranes with different thicknesses as 
functions of current density. T = 60 °C; H 2 /O? stoichiometry = 1.5/1.5; FE humidification 
dew point = 80 °C; dry CE [4], (Reproduced by pennission of ECS—The Electrochemical 
Society, from Biichi FN, Scherer GG. Investigation of the transversal water profile in Nafion 
membranes in polymer electrolyte fuel cells.) 

By using fast 5 A pulses and measuring the voltage change in a 1 ps time 
window on running FI 2 /O 2 fuel cells operated at 60 °C with the hydrogen 
humidification dew point at 80 °C and no humidification to the oxygen, Biichi and 
Scherer determined the resistances of membranes with different thicknesses at 
different current densities (Figure 11.24) [4]. Except for the Nafion 112 membrane, 
all the membranes showed an increase in resistance with the increase in the current 
density, and thicker membranes caused larger increases in the resistance with the 
current density. By stacking multiple thinner membranes together for the 
membrane electrolyte, Biichi and Scherer found that the resistance increase with 
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current density was localized at the anode side of the membrane, and the center and 
the cathode side of the membranes changed little in resistance. Higher current 
density drags more water from the anode to the cathode, and thicker membranes 
reduce the amount of water back-diffusion from the cathode to the anode. 
Therefore, thicker membranes and higher current densities cause the drying up of 
the membrane at the anode side. 


11.7 Steady-state I-V Polarization 

11.7.1 Principles and Instrumentation 

A fuel cell shows the highest voltage when it generates no current, and this voltage 
is called the OCV because it is the voltage when the electrical circuit is at the open 
state. When the circuit is closed and a current is drawn by a load, the cell voltage 
becomes lower than the OCV due to three major losses: activation, Ohmic 
resistance, and mass transport. 

The activation loss dominates in the low current density region. For a low- 
temperature fuel cell, the loss is significant and a steep voltage decline exists (refer 
to Figure 11.2). As the overpotential increases enough, the reaction kinetics 
becomes high, and increasing the current density causes only a slight further 
increase in the overpotential due to activation. The dominating voltage loss is then 
caused by the Ohmic resistance of the cell, and thus a nearly linear I-V region is 
observed. When the current density is further increased, the rate of the reactant 
supply becomes a limiting factor, and a quick voltage decline occurs. 

A test station is required for testing a fuel cell. A test station enables the control 
and measurement of the current and the voltage. The station also controls all the 
input parameters, such as the flow rate of the reactants, by using flow meters or 
mass flow controllers. A mass flow controller typically has an error of about ± 2% 
of the full scale. A 100-time difference in the flow rate is often encountered during 
the measurement when the current density is changed from 0.01 to 1.0 A cnf 2 . So, 
a 2% flow rate error at the full scale can be many times higher at the lower flow 
rates. Very often, the flow rate is set at constant when the current densities are less 
than about 0.1 A cnf 2 . 

The station also provides means for humidifying the reactants. The temperature 
difference between the humidifiers and the cell determines the RH of the reactants. 
Accurate RH control is crucial for PEM fuel cells due to the significant impact of 
RH. The temperature is often monitored by thermal couples, and an error of ± 1 °C 
can be common. A 2 °C dew point error is equivalent to about 9% RH error at 60 
°C, which could significantly affect the performance, stability, and durability of a 
fuel cell. The test station also has some built-in safety features that allow the 
station to be shut down either manually or automatically under dangerous or 
adverse situations. 

A test station often has a power supply that can drive reactions to proceed in the 
direction opposite to the spontaneous direction. For example, a power supply can 
drive water electrolysis to occur, and can be used to measure methanol or hydrogen 
crossover rates. 



Electrochemical Methods for Catalyst Activity Evaluation 589 


11.7.2 Fuel Cell Hardware 

11.7.2.1 Single Cells 

Single cells with active areas of 5 to 50 cm 2 are often used to evaluate the 
performance and durability of MEAs. The result represents the average 
performance of the entire cell. For cells with active areas of around 5 cm 2 , the flow 
rates of the reactants are very low at a given stoichiometry, and may not be easy to 
control accurately. Very often, a constant flow rate of a few times stoichiometiy 
corresponding to the highest current density is used. In such cases, mass transport 
resistance is made artificially low and does not represent the situation in which a 
constant stoichiometry is used for the entire current density region. 

11.7.2.2 Segmented Cells 

Since the reactants will be consumed along the flow-fields, their concentrations at 
the inlets are always higher than those at the outlets. Therefore, the cell performs 
better in the inlet regions than in the outlet regions. Segmented cells offer an 
opportunity to estimate the actual performance and decay rates at different regions. 
There are basically three approaches to constructing a segmented cell. One 
approach is to segment an MEA into many sections that are insulated from each 
other while the flow-field plates are kept as a whole. In such a configuration, there 
are separate current leads for each segment of the MEA, but only two voltage leads 
for the entire anode and cathode plates. All the segments have the same voltage at 
any given moment of testing, but the current density varies from segment to 
segment (of the MEA). Another approach is to segment the flow-field plates into 
many sections that are insulated from each other while the MEA is kept as a whole. 
In this case, there are both current leads and voltage leads for each segment, and 
the voltage of each segment at any given moment of testing could be different. 
However, the voltage difference among different segments is not expected to be 
significant because they are electrically connected by the GDLs, which have quite 
good electronic conductivity. A third approach is to segment both the flow-field 
plates and the MEA. Such an approach minimizes the likelihood of cross-talk 
among segments with respect to both the current and the voltage. 

In any design, the flow and distribution of the reactants should mimic those of 
non-segmented cells. The results can be used to guide the fine tuning of the flow- 
fields so that a more uniform performance among different regions is achieved. 
The results can also be used to validate or invalidate or to improve mathematical 
models. 

11.7.2.3 Multi-cell Stacks 

Since a single cell can generate only a voltage less than 1 V, many unit cells are 
typically electrically connected in series to form a stack. The number of cells in a 
stack will determine the output voltage and power from the stack. 

The number of unit cells in a stack can range from 2 to hundreds. The stack has 
inlet and outlet manifolds for the anode reactant, the cathode reactant, and the 
coolant. The inlet manifolds allow the reactant (or coolant) equal opportunity to get 
to the inlet region of each unit cell. This helps minimize the uneven distribution of 
the reactant among different cells. 
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Uneven distribution of reactant among cells is often caused by the 
accumulation of water droplets within the flow-field channels. If water 
accumulates within the channels of a unit cell, it will pose a higher resistance to the 
flow of the reactant. This causes the cell to receive a smaller amount of the 
reactant, which in turn carries a smaller amount of water out of the channels. These 
two events reinforce each other, and eventually could result in the flow of the 
reactant into this cell being less than the stoichiometric amount, and reactant 
starvation occurs. Starvation of the fuel can quickly damage the cell. Once a single 
cell is damaged, the entire stack may have to be replaced. 

Obviously, a stack with more cells has a higher likelihood of uneven reactant 
distribution. The surface characteristics of the plates often play an important role, 
as discussed earlier. It is believed that either highly hydrophobic or highly 
hydrophilic surfaces help the water removal. The operating conditions also play a 
key role in water removal. A higher temperature difference between the stack 
outlet and the inlet enables the exhaust to carry away more water as vapor. A 
higher reactant pressure drop from the inlet to the outlet helps push the liquid water 
out. The geometry of the flow-fields is also an important factor. 

The performance of each cell in a stack is typically monitored individually. The 
I-V curves of all the cells are collected at the same time. Since the cells are 
connected in series, each cell is generating exactly the same amount of current at 
any given moment even if some cells are under reactant starvation. The difference 
in performance among cells is shown by the cell voltage. Uniform performance 
among cells is preferred. 

11.7.3 Fuel Cell Performance 

11.7.3.1 Empirical I-V Curve Expression 

Since losses due to activation, Ohmic resistance, and mass transport are the three 
major losses a fuel cell suffers, the I-V performance curve can be empirically 
approximated by the following equation: 

V = V ocv - (RT/anF)ln(i/i 0 ) - iR - fRT/nFjln(i/i,) (11.41) 

where V 0C v is the open circuit voltage, a is the charge transfer coefficient, n is the 
number of electrons involved in the rate determining step of the reaction, i Q is the 
exchange current density, R is the total Ohmic resistance, and ii is the limiting 
current. The second, third, and fourth terms on the right side of the equation 
represent the losses due to activation. Ohmic, and mass transport resistances, 
respectively. 

Kim et al. showed that the loss due to the mass transport resistance was best fit 
by the following expression: mexp(ni), where m and n are constants having the 
units of potential and the reciprocal of current density, respectively [19]. They 
found that m was responsible for the increase in the slope of an I-V curve in the 
linear region, while n has a more predominant contribution to the rapid decline in 
the high current density region. However, the physicochemical meanings of m and 
n have not been established. 
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11.7.3.2 Tafel Equation 

It was first formulated experimentally by Tafel in 1905 that the overpotential, q, is 
linearly related to logi: 

p = a + blogi = a + (2.3RT/otnF)logi (11.42) 

The slope of the line is b, and is called the Tafel slope. When the Tafel line is 
extrapolated to the thermodynamic equilibrium potential, E°, where q = 0, the 
exchange current density, i 0 , can be obtained. 

The Tafel equation can be obtained through kinetic treatment of 
electrochemical processes provided the overpotential q is large enough. Bard and 
Faulkner indicated that whenever the current from the backward reaction 
contributes less than 1% of the total current, the Tafel equation will hold. 
Specifically, the Tafel equation holds when |q| > 0.118/n V at 25 °C [2], 

It becomes clear when Equations 11.41 and 11.42 are compared that the 
empirical Equation 11.41 is basically the Tafel Equation 11.42 plus terms to 
account for the mass transport resistance loss and the iR loss. It is then fair to say 
that the Tafel equation is valid only in the absence of mass transport resistance and 
when the Ohmic resistance is corrected. 

Parthasarathy and Martin used a microelectrode covered by a Nation 117 film 
as the electrolyte to study oxygen reduction kinetics in a three-electrode half-cell 
configuration [31], Two Tafel slopes, -63 mV/decade and -118 mV/decade, were 
observed at the lower and the higher current density regions, respectively, at 25 °C. 
It is generally believed n = 1 for the ORR because the rate determining step is the 
first electron transfer: 

Pt + 0 2 + H + + e~ -+ Pt-0 2 H (11.43) 

Assuming the charge transfer coefficient, a, is 0.5, then the Tafel slope is 
calculated as -118 mV/decade at 25 °C. Parthasarathy et al. found that both the low 
and the high Tafel slopes were little affected by the temperature (30-80 °C), that a 
was nearly linearly related to the temperature, and that it increased from 0.5 at 27 
°C to 0.6 at 87 °C [32]. Their studies indicated that the low Tafel slope corresponds 
to a potential region where the ORR occurs on a PtO x surface, while the high Tafel 
slope corresponds to a potential region where the ORR occurs on oxide-free Pt 
surfaces. They seemed to agree with a hypothesis that the ORR process in the low 
Tafel slope region involves an initial fast charge transfer step followed by a rate¬ 
determining chemical step. In such a case the charge transfer coefficient is 1, and 
thus the Tafel slope calculated from 2.3RT/anF is around -60 mV/decade. 

Extrapolation of the two Tafel slopes will result in two different exchange 
current densities. The smaller slope gives a lower exchange current density. Thus, 
it implies that the formation of Pt oxide hinders the oxygen reduction process. 
Parthasarathy et al. found that the activation energy for the oxygen reduction on 
oxide-covered Pt/Nafion was nearly three times as large as that on oxide-free 
Pt/Nafion surfaces [32]. 
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11.7.3.3 Activity Comparison 

An I-V curve is the best way to illustrate the performance of a cell because it 
shows not only the actual output from the cell but also the behaviors of the cell in 
different current density regions. When more than one I-V curve is plotted on the 
same chart, the higher ones mean a better performance. The composition and the 
structure of an MEA should be optimized in such a way that the best performance 
is achieved in the current density region where the fuel cell will be operated. For 
example, if the fuel cell is aiming at a low current density operation, the 
optimization should be focused on improving the low current density region. On 
the other hand, if the fuel cell will be used in a wide current density range from 
0.05 to 1.5 A cnf 2 , the MEA needs to be optimized for the entire current density 
region. The latter is often tougher to accomplish, and some compromises may have 
to be made between the lower and the higher current density regions. 

The current density at about 900 mV cell voltage is often used to present the 
activity of an electrode. The current density divided by the total mass of the 
catalyst is called the mass specific activity, while the current density divided by the 
total surface area of the catalyst is called the area specific activity. A higher area 
specific activity indicates that the catalyst surface is more effectively used. 

11.7.3.4 Determination of Exchange Current Density 

When the overpotential, r\, is negligibly small and the electrochemical reaction is 
at equilibrium, 

R ct = (RT)/(nFi 0 ) (11.44) 

So, 

i 0 = (RT)/(nFR ct ) (11.45) 

R ct can be determined by EIS at OCV, as discussed earlier. 

Another way to determine i G is by extrapolating the Tafel plot to q = 0, as 
mentioned earlier. 


11.8 Durability Evaluation 

11.8.1 Introduction 

Good durability is a key requirement for the commercialization of fuel cells. After 
many years of intensive research and development, conventional power generation 
technologies have achieved excellent durability. These technologies set up a 
benchmark for fuel cells to meet or, better, to exceed. At the time this article is 
being written, the reliability of a PEM fuel cell is much lower than that of an 
internal combustion engine, while the cost of the former is much higher than that 
of the latter. 
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A fuel cell decays with time, and the rate of decay determines its durability. 
The decay is related to the aging of the fuel cell components, especially the 
membrane electrolyte, the catalysts, and the catalyst support. The decay of the 
membrane will cause its thinning and mechanical property deterioration. The loss 
of its mechanical properties often causes a fuel cell to fail prematurely and 
catastrophically. The decay of the catalyst is normally due to the particle size 
increase and the particle dissolution and redistribution. Catalyst decay rarely 
causes a sudden failure of a cell. The decay of the catalyst-support is often related 
to its corrosion. Corrosion makes the electrode more prone to flooding and 
accelerates the growth and redistribution of the catalyst particles. 

The following methods can help determine the root causes of the decay and 
gauge its extent. 

11.8.2 Techniques 

11.8.2.1 Open Circuit Voltage 

The thermodynamic voltage of a H 2 /0 2 fuel cell is at 1.21 V under standard 
conditions: 

E = AG/(nF) (11.46) 

where AG is the Gibbs free energy and n = 2 for H 2 + 0.5 0 2 —> H 2 0. However, a 
H 2 /air fuel cell typically has an OCV of only around 1.0 V. This is due to the 
occurrence of hydrogen crossover through the membrane and the corrosion 
reactions of the cathode components such as the carbon catalyst-support, 

C + 2H 2 0 -> C0 2 + 4H + + 4e , E° = 0.21 V (11.47) 

and the catalyst itself, 

Pt + H 2 0 -> PtO + 2H + + 2e , E° = 0.88 V (11.48) 

For example, if the H 2 crossover current density is 1 mA cm", and assuming the 
number of electrons (n) involved in the rate determining step, the exchange current 
density (i Q ), and the charge transfer coefficient (a) of the ORR are 1, 0.01 mA 
cm" 2 , and 0.5, respectively, then the potential loss due to the hydrogen crossover is 
0.12 V at T = 25 °C, calculated according to the following: 

AV = (RT/anF)ln(i/i 0 ) (11.49) 

Please note that n, i 0 , and a used in the calculation are for the ORR instead of the 
HOR. The reason is that H 2 splits into H and c when it reaches the cathode, H 2 —* 
2H + +2c , and then the ORR forms water: 0.5O 2 + 2H + +2c —* H 2 0. Since the 
overpotential due to the HOR is much smaller than that due to the ORR, the latter 
determines the cathode potential drop. 
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As the membrane decays with time, it can either become thinner or form more 
or larger pinholes, both of which lead to a higher H 2 crossover current. If the 
crossover current increases to 10 mA cnf 2 , the voltage drop will be 0.18 V 
calculated according to Equation 11.49. Figure 11.25 illustrates the OCV drop 
versus H 2 crossover current density. So, based on the OCV drop, the severity of H 2 
crossover can be estimated assuming that the mixed potential due to the carbon or 
Pt oxidation does not change significantly. 



Figure 11.25. Illustration of calculated OCV drop vs. H 2 crossover current density. The 
calculation is based on AV = (RT/naF)ln(i/i 0 ) by assuming n = 1, i 0 = 0.01 mA cm" 2 , and a 
= 0.5. 

Zhang et al. reported a more detailed analysis of OCV drop due to hydrogen 
crossover and the mixed potential at temperatures ranging from 23 to 120 °C [66]. 
Figure 11.26 illustrates the magnitudes of the hydrogen crossover current density 
through fresh Nation 112 and 117 membranes and the increase of the hydrogen 
crossover current with temperature. 

The OCV also declines if the anode and the cathode of an MEA are shorted. 
Shorting is normally caused by GDL fibers or catalyst clumps penetrating through 
the membrane. For membranes as thin as 20 pm, shorting is likely to occur. An 
effective way to distinguish the gas crossover from the electrode shorting is to 
study the OCV change versus the pressure difference between the anode and the 
cathode reactants. OCV does not change much with the pressure difference due to 
the electrode shorting, while it declines significantly with the pressure difference 
from the gas crossover. 

Leaving a fuel cell at the OCV can accelerate the decay rate because a voltage 
around 1 V has strong oxidizing ability. Qi and Buelte studied the OCV impact on 
the performance of H 3 PO 4 fuel cells, and found that the cathode Pt crystallite size 
measured by XRD increased by over 400% after 245 hours at OCV, while that of 
the anode changed little [38]. The EIS data showed significant increases in both the 
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kinetic resistance and the mass transport resistance. The mass transport resistance 
increase was presumably due to the oxidation of the carbon catalyst support at the 
OCV. 



Temeprature (”C) 

Figure 11.26. H 2 crossover current densities as a function of temperature at OCV with 
Nafion 112 and 117 membranes. H? backpressure = 3.0 atm.; RH = 100% [66], (Reprinted 
from Journal of Power Sources, 163(1), Zhang J, Tang Y, Song C, Zhang J, Wang H, PEM 
fuel cell open circuit voltage (OCV) in the temperature range of 23 °C to 120 °C, 532-7, 
©2006, with pennission from Elsevier.) 

Using cyclic voltammetry Xu et al. showed that significant Pt oxidation 
occurred at a potential of 0.85 V or higher, and the extent of oxidation increased 
with the potential [62], Their studies indicated that both water and 0 2 contribute to 
the formation of Pt oxide because a higher RH and a higher 0 2 concentration result 
in a greater extent of Pt oxidation. They used the charge under the PtO x reduction 
peak area to estimate the extent of Pt oxidation, as shown in Figure 11.27. 

Ye et al. observed that gas bubbles formed at the anode in a DMFC at OCV 
when the oxygen flow rate at the cathode became slow enough [63]. The gases 
were identified as C0 2 and H 2 . They proposed that the cell was composed of an 
upstream unflooded region and a downstream flooded region. The flooded region 
functioned as an internal load/connection for the unflooded region where regular 
reactions occurred, resulting in the formation of C0 2 at the anode. In the flooded 
region, methanol oxidation happened at the cathode side, and the resultant protons 
were transported through the membrane to the anode side where they were reduced 
to H 2 . Therefore, both C0 2 and H 2 were produced at the anode side of the fuel cell. 

A significant impact on the cathode has been found at OCV during either 
startup or shutdown if an air/fuel boundary forms at the anode [43, 53]. When a 
fuel cell is shut down, there is some fuel remaining in the anode and some air in the 
cathode, and the OCV is about 1 V. Their amounts become lower when they 
crossover through the membrane, and eventually some air from the environment 
seeps in. A fuel/air boundary forms when air gets into the anode side. The 
formation of such a boundary raises the potential of the cathode region that 
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overlaps with the air portion at the anode side to well over 1 V. Such a high 
potential causes severe oxidation of the carbon catalyst support at the cathode. 
Figure 11.28 shows that significant fuel cell performance loss occurred within 20 
corrosion cycles [53]. 



Applied Potential (V) 

Figure 11.27. Cyclic voltammograms to illustrate the charge associated with hydrogen 
adsorption Q H and that associated with platinum oxide reduction Q 0 . Nafion 112 membrane; 
Pt/C cathode catalyst; T = 100 °C; scan rate = 30 mV s -1 [62], (Reproduced by pennission 
of ECS—The Electrochemical Society, from Xu H, Kiuiz R, Fenton JM. Investigation of 
platinum oxidation in PEM fuel cells at various relative humidities.) 



Figure 11.28. Effect of corrosion cycles on fuel cell performance. Cell T = 65 °C; cathode: 
air, RH = 100%; anode: refonnate with 2% air bleed, RH = 100% [53], (Reprinted from 
Journal of Power Sources, 158(2), Tang H, Qi Z, Ramani M, Elter JF, PEM fuel cell cathode 
carbon corrosion due to the formation of air/fuel boundary at the anode, 1306-12, ©2006, 
with permission from Elsevier.) 
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11.8.2.2 Measurement of Fuel Crossover Rate 

The actual amount of fuel crossing over the membrane electrolyte at the open 
circuit can be measured electrochemically. During the measurement the fuel passes 
through the anode side and nothing or an inert gas such as nitrogen passes through 
the cathode side. Anode and cathode refer to the fuel cell mode throughout this 
article. An external power supply applies a positive voltage at the cathode. Once 
the fuel passes through the membrane to reach the cathode, it is quickly oxidized. 
The current is proportional to the amount of fuel crossing over according to 
Faraday’s law. 

Figure 11.29 shows the processes that occur during the measurement of 
methanol crossover. Methanol crossing over to the cathode is oxidized: CFI 3 OFI + 
FFO —CO 2 + 6H 1 + 6c . The methanol crossover rate can be calculated by n = 
i/6F, where i is the crossover current (if the current is in a unit of amperes, n will 
be in a unit of mole s The protons produced from the methanol oxidation are 
transported through the membrane from the cathode to the anode, and form 
hydrogen at the anode side: 2FI 1 + 2c —> H 2 . Since protons can drag methanol via 
electroosmosis, some methanol will be taken back to the anode before reaching the 
cathode. This results in an underestimation of the methanol crossover current by 
this electrochemical method. 


CH3OH i=> 
6 H + + 6 e- 
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Figure 11.29. Illustration of the processes associated with the measurement of methanol 
crossover 


The crossover current measured by this electrochemical method represents the 
situation only at the open circuit. When a fuel cell is under operation the fuel 
concentration at the anode/membrane interface is lower than its bulk concentration. 
Then, the crossover rate is lower than that at the open circuit. 

When the FF crossover is measured by this type of electrochemical method, the 
reaction at the cathode side is FF —* 2H + 2c . The FF crossover rate is calculated 
by n = i/2F. FF crossover current is an indication of the health of the membrane. It 
indirectly reflects the membrane decay rate, and is often used in accelerated 
testing. Figure 11.30 shows the IF crossover current through a Hyflon® membrane 
under IF/air, H 2 /N 2 , and N 2 /air, respectively [26]. Under H 2 /air the crossover 
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current started to increase exponentially after about 50 hours of testing, while 
under H 2 /N 2 and N 2 /air conditions the crossover current remained at about 1 mA 
cnf 2 in the 300 hours of testing. This experiment indicated that the species that 
attack the membrane (e.g., radicals derived from H 2 0 2 ) formed only in the 
presence of both H 2 and 0 2 . It has been widely accepted that the radical attack on 
perfluorinated ionomers occurs mainly through an unzipping process starting from 
the carboxylic acid groups (-COOH) located at the end of the polymer main chain 
[9]. Attack to the ether linkages also occurs but with much less severity. 



o 

e 

a 

cr 

2 

T3 

>- 

T. 


16 
U 
12 
10 
8 
6 
£ 

2 
0 

0 50 100 150 200 250 300 350 

Test Time [hours] 


H 2 /Air 


* 



-3- HydrogenfAii -*■ HydrogeiVHitragen * NllragsriWir 


Figure 11.30. Hydrogen crossover rates through a Hyflon® extruded membrane under OCV 
tested with different reactants. Electrode area = 25 cm 2 ; Pt = 0.25 mg cm 2 at either anode or 
cathode; T = 70 °C; RH = 50% for both anode and cathode; membrane thickness = 50 pm; 
ionomer equivalent weight = 870 g equfC 1 [26], (Reprinted from Journal of Power Sources, 
171(1), Merlo L, Ghielmi A, Cirillo L, Gebert M, Arcella V, Resistance to peroxide 
degradation of Hyflon® Ion membranes, 140-7, ©2007, with permission from Elsevier.) 

11.8.2.3 Electrochemical Active Surface Area 

The change in the ECS A shows how much of the electrode’s active surface area is 
lost during a period of operation. A faster loss indicates that the durability of the 
electrode is lower. A major reason for the loss of the ECSA is the growth in the 
catalyst particle size. The initial particles sized around 2 to 4 nm have relatively 
high surface energy, and they tend to grow to form larger (e.g., ~15 nm), more 
stable particles with time. Other reasons include dissolution and redistribution of 
the catalyst particles [10]. Catalyst materials are sometimes observed within the 
Nation membrane [60], and these catalysts will not be able to support the 
electrochemical reaction at the electrodes. Sometimes the anode catalyst materials 
are even found to migrate to the cathodes [34]. 

Figure 11.31 shows the beginning-of-life (BOL) and end-of-life (EOL) cyclic 
voltammograms of a PEMFC after 500 hours of stress test. The charge under the 
hydrogen desorption peak areas decreased from 1.37 C to 0.79 C, which implied 
that the ECSA was reduced by 43%. 
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Figure 11.31. Cyclic voltammograms at BOL and EOL to illustrate the decline in the 
hydrogen adsorption and desorption areas 

11.8.2.4 Oxygen Gain 

Air is typically used as the oxidant at the cathode. It contains about 21% 0 2 and 
78% N 2 . As the 0 2 reacts at the cathode, a higher concentration of N 2 remains 
around the catalysts. This N 2 behaves like a blanket that slows down the new 0 2 as 
it approaches the catalysts. Therefore, the cell encounters a higher mass transport 
resistance loss using air than using 0 2 . 

During the operation of a fuel cell, the catalyst support at the cathode becomes 
more hydrophilic because of oxidation and corrosion. This favors the accumulation 
of water, and hence increases the mass transport resistance. 



Figure 11.32. Effect of oxygen concentration in the cathode gas on fuel cell performance. 
Cell T = 80 °C; cathode dew point = 65 °C; anode dew point = 80 °C; Nafion 115 
membrane; cathode Pt loading = 0.4 mg cm" 2 ; anode Pt loading = 0.3 mg cm 2 [37]. 
(Reprinted from Journal of Power Sources, 137(1), Prasamia M, Ha HY, Cho EA, Hong S- 
A, Oh I-H, Investigation of oxygen gain in polymer electrolyte membrane fuel cells, 1-8, 
©2004, with pennission from Elsevier.) 
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O 2 can be used to estimate the mass transport resistance loss associated with 
using air because the cathode suffers negligible mass transport loss when 0 2 is 
used as the oxidant. Such a test is called the oxygen gain experiment. Figure 11.32 
shows an example [37]. A larger oxygen gain indicates that the cathode suffers a 
higher mass transport resistance when air is used as the oxidant. The oxygen gain 
experiment is effective in gauging the mass transport properties of an electrode, 
and can shed some light on how to optimize the structure of the electrode. 

Other contributions to the oxygen gain are the increase in the thermodynamic 
voltage and the reduction of the charge transfer resistance for the ORR because of 
the increase in the O 2 concentration (or partial pressure). So, the total gain consists 
of the gain due to the reduction of the mass transport resistance, the gain from the 
reduction of the oxygen reduction charge transfer resistance, and the increase in the 
thermodynamic voltage. Typically, the oxygen gain from the reduction of the mass 
transport resistance dominates, and it can be measured by performing EIS. 

11.8.2.5 Hydrogen Gain 

The hydrogen gain experiment is carried out at the anode to gauge the increase in 
the anode overpotential due to the presence of CO. Since CO can strongly adsorb 
onto the surface of Pt to block the reaction sites for H 2 oxidation, it seriously 
poisons the anode even at ppm levels. The poisoning leads to a higher 
overpotential for the oxidation of H 2 . 

CO poisoning is reversible. When an H 2 fuel containing CO is replaced by a 
pure H 2 fuel, the CO will gradually desorb from the Pt surface to rejuvenate fresh 
Pt sites for the HOR. Therefore, a lower anode overpotential is achieved. The 
potential difference between using an H 2 fuel containing CO and a pure H 2 fuel is 
called the hydrogen gain. It is a measurement of the CO tolerance of a fuel cell 
anode. A larger hydrogen gain indicates that the anode has lower CO tolerance. 

Hydrogen gain can also be used to evaluate the impact of either fuel dilution or 
the presence of certain components such as CO 2 . When an H 2 fuel mixture is 
produced by reforming hydrocarbon fuels, the content of H 2 ranges from about 40 
to 70% on the dry basis. The other major components are CO 2 and N 2 . If the fuel is 
humidified, it also contains water vapor. N 2 will have a dilution effect and the 
impact on the anode overpotential is on the level of a few mV. C0 2 is a little 
trickier because it not only can dilute the fuel but also has the potential to form 
some CO. The dilution effect is on the level of a few mV. The poisoning effect 
depends on how much CO forms from CO 2 . CO could form from the reverse 
water-gas shift reaction: 

C0 2 + H 2 —> CO + H 2 0 (11.50) 

Since the standard reduction potential of C0 2 to form HCOOH is at about -0.20 V 
[54], 


C0 2 + 2H + + 2e~ = HCOOH 


(11.51) 


the formation of HCOOH or CO-type species from C0 2 via electrochemical 
reduction is less likely under normal fuel cell conditions. 
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Papageorgopoulos and de Bruijn showed that the CO-type species (e.g., CO, 
-COH, -COOH) formed from CO 2 did not form a complete monolayer on Pt 
catalysts, and its oxidation occurred at less positive potentials than that of a CO 
adlayer formed directly from CO [30]. They carried out the adsorption processes at 
18 mV and believed that the adsorption of the former CO-type species from C0 2 
included linear, bridge, and multiple bonds, while that of CO was exclusively 
linear. The CO oxidative stripping peaks became much smaller when the CO-type 
species was made on PtRu catalysts, indicating that less CO was formed on PtRu 
than on Pt. Such an experiment indicates that the reverse water-gas shift reaction 
occurs to a smaller extent when PtRu is used as the anode catalyst than when Pt is 
used. 

Studies have shown that PtMo is a more CO-tolerant catalyst than PtRu in the 
absence of C0 2 [1]. However, in the presence of C0 2 , PtMo showed inferior CO- 
tolerance to both PtRu and Pt [1]. Therefore, PtRu is a more universal anode 
catalyst for reformate-type fuels. 

11.8.2.6 Hydrogen Pumping 

When a positive voltage is applied to the anode, H 2 is oxidized to protons and 
electrons: H 2 —> 2H 1 + 2c . Protons transport through the membrane and combine 
with electrons to form H 2 at the cathode: 2H + + 2c —> H 2 . The net reaction is 
H 2 (anode) —* H 2 ( Cathode ). So, H 2 is electrochemically moved from the anode to the 
cathode in a pumping manner. 

Since both H 2 oxidation and H + reduction encounter low overpotentials, the 
voltage required for the pumping process is low. The I-V curve is typically linear 
and the slope of the line is mainly the Ohmic resistance of the cell. However, in the 
presence of CO, the anode is poisoned and the pumping voltage can increase 
significantly with the pumping current density, (Figure 11.33) 



Current Density (A cm' 2 ) 

Figure 11.33. Hydrogen pumping I-V curves obtained from a H3PO4 fuel cell. T = 160 °C; 
Refonnate contains 1% CO and 29% H 2 , balanced by C0 2 and N 2 . 

He et al. discovered that hydrogen pumping can shorten the fuel cell incubation 
time and lead to higher performance [17]. During their experiment, hydrogen was 
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supplied to the anode and nothing or an inert gas such as nitrogen was supplied to 
the cathode. Then an external power supply drove the hydrogen pumping process 
for a period of a few minutes to 1 hour. After air was fed to the cathode, the fuel 
cell showed a much higher performance than it did before the hydrogen pumping. 

Hydrogen pumping can also be used to separate H 2 from other components. For 
a fuel mixture containing H 2 , C0 2 , N 2 , and CO, hydrogen pumping will transport 
H 2 to the other side of the electrolyte membrane and leave all the other components 
behind. Then high-purity H 2 is obtained. 

Hydrogen pumping cells can constitute either a module on their own or a 
portion of a fuel cell stack. The power needed for hydrogen pumping can be 
supplied by the fuel cell stack. 


11.9 Summary 

A fuel cell and its components can be characterized by a variety of electrochemical 
methods. For the quick screening of new catalysts and for studying the reaction 
mechanisms and kinetics, controlled potential techniques (e.g., potential step, 
potential sweep, and potential cycling), rotating disk and rotating ring-disk 
electrodes, and impedance spectroscopy are popularly used. For the evaluation of 
fuel cell electrodes or MEAs, methods derived from these techniques are often 
used. These methods include cyclic voltammetry, impedance spectroscopy, current 
interruption and current pulsing techniques, I-V polarization, open circuit voltage, 
fuel crossover, oxygen gain, hydrogen gain, and hydrogen pumping. 


List of Symbols 

A electrode geometric area 

C either bulk concentration of a reactant or capacitance 

Cd double-layer capacitance 

d density 

D diffusion coefficient 

Ei/ 2 half-wave potential 

E° standard potential 

E r potential of the ring electrode in RRDE 

F Faraday constant 

i d diffusion-controlled current 

i D current at the disk electrode in RDE or RRDE 

I D current density at the disk electrode in RRDE 

i k kinetic-controlled current 

ii limiting current in the empirical I-V curve expression 

i lim limiting current in RDE 

i 0 exchange current density 

i P peak current 

i R current at the ring electrode in RRDE 
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I R current density at the ring electrode in RRDE 
kf kinetic rate constant 

n either number of electrons per reactant molecule or number of electrons 

involved in the rate determining step 
N collection efficiency in RRDE 

Pt/C Pt supported on carbon 

Q charge 

r radius 

R resistance 

R ct charge transfer resistance 

R s electric resistance 

5 surface area 

T temperature 

T g glass transition temperature 

V a anode potential 

V c cathode potential 

V C eii cell voltage 

V c , voltage loss due to charge transfer resistance 

Vocv open circuit voltage 

Vohm voltage loss due to the Ohmic resistance 

Vt thermal voltage 

X c capacitive resistance 

X h ?02 ratio of H 2 0 2 to 0 2 during ORR 

Y admittance 

Z impedance 

Z Im imaginary impedance 

Z Re real impedance 

Z w Warburg impedance 

a phase parameter or charge transfer coefficient 

6 either thickness of a film or diffusion-layer thickness 
AG Gibbs free energy change of a reaction 

r| either overpotential or viscosity 

X either wavelength or the number of water molecules held by each sulfonic 

acid group 

v kinematic viscosity 

0 either incidence angle in XRD or phase angle in EIS 

p resistivity 

x ct time constant during discharge of an electrochemical process 
u potential scan rate 

u x solution velocity normal to electrode surface in RDE 
Q angular velocity 
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Combinatorial Methods for PEM Fuel Cell 
Electrocatalysts 


Hansan Liu and Jiujun Zhang 


12.1 Introduction 

12.1.1 Combinatorial Material Chemistry 

Traditionally, chemists and material scientists rely on the slow and serendipitous 
trial-and-error process for discovering and developing new chemicals or materials. 
However, the conventional one-at-a-time, or one-by-one, methods are not capable 
of matching the pace of present-day material development. For example, in the 
area of drag discovery, it has been estimated theoretically that the number of 
possible drags with molecular structures and weights attractive for pharmaceutical 
activity screening is 10 18 . This number is ~10 ’ times larger than the number of 
chemical substances available from commercial sources or in-house collections. 
This number is also ~5xl0 10 times larger than that listed in the Chemical Abstracts 
Service (CAS) database. It is impossible to screen the pharmaceutical activities of 
such a large number of potential drugs by using traditional one-by-one methods. 
For organic substances, if each substance contains more than 30 atoms of H, C, O, 
N, and S elements, the number of potential stable molecular structures is expected 
to be ~10 63 . For inorganic substances, possibilities include ~3xl0 3 binaries, ~7xl0 4 
ternaries, ~lxl0 6 quaternaries, and ~6xl0 12 decanaries, which can be made from 
75 useful and stable elements in the periodic table. These numbers exclude those 
with stoichiometric and structural diversity and different orders. Traditional one- 
by-one approaches will never be able to deal with the screening and optimization 
of these substances. 

Fortunately, the situation began to change when a new field of chemistiy, 
called combinatorial chemistry, arose in the late 1980s. Combinatorial chemistry is 
an innovative approach to speed up the discovery and development of new 
molecules and materials. The early successes of combinatorial chemistiy in the 
pharmaceutical industry have been followed by the discovery of a wide variety of 
important materials in chemistiy and materials science. These materials range from 
catalysts, polymers, and zeolites to luminescent and magnetoresistive compounds. 
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agricultural materials, and high-temperature superconductors, dielectric, 
ferroelectric, and structural materials, as well as many others. Since Schultz and his 
group at the Lawrence Berkeley National Laboratory of UC Berkeley reported the 
usage of combinatorial methods for a search of superconductors in 1995, 
combinatorial chemistiy has emerged as an exciting new paradigm for materials 
discovery. In the past two decades, this topic has attracted considerable scientific 
interest and research efforts in the fields of chemistiy and material science. 

In principle, the combinatorial method primarily includes two key steps: (1) 
combinatorial material libraries preparation and (2) high throughput 
chemical/physical screening. A combinatorial material library consists of many 
different samples with various compositions that are synthesized quickly, 
simultaneously, and in parallel. The combinatorial synthetic method contrasts with 
the time-consuming and labour-intensive traditional approaches, by which 
compounds are synthesized individually, one at a time. Through combinatorial 
methods, scientists can synthesize many hundreds or thousands of compounds at 
one time, instead of preparing only a few by a simple methodology. The 
combinatorial synthetic methods allow a very large number of substances to be 
synthesized much more rapidly and at lower cost than by traditional synthetic 
chemistiy. High throughput screening is the process for rapid automated 
assessment of single or multiple properties of a large number of samples in the 
combinatorial libraries. Ideally, a useful high throughput screening method for 
combinatorial materials discovery should be capable of handling small-size 
samples with minimal sample preparation requirements, and should also have rapid 
turnaround in either serial or parallel analysis of library elements during or after 
the reaction and testing. 

Basically, there are two different levels of combinatorial experiments: a 
discovery level and a focus level. A discovery level combinatorial screening is 
applied when totally new (alternative) materials are the targets of the search. The 
search motivation could be scientific curiosity and exploration of new materials. In 
some case, if the existing materials have no potential for further improvements, a 
discovery-level combinatorial screening may be used for alternative materials. This 
discovery screening can sample a broad and highly diverse range of parameter 
spaces. However, errors may occur because of the existing difference between 
combinatorial and conventional methods in synthesis and measurement conditions. 
Therefore, it is necessary to reproduce the materials resulting from the discovery 
screening by conventional synthesis, and confirm the expected function by 
conventional measurements. A focus-level combinatorial screening is used to 
accelerate the optimization process for material development. These materials 
could be either those revealed in the discovery screening stage or known materials. 
In these combinatorial experiments, relatively narrow and well-defined parameter 
spaces around known materials are sampled at high speed under conditions as close 
to the conventional experimentation conditions as possible. The goals of focus 
screening are to get reliable trends and optimized materials. Usually, systematic 
combinatorial work consists of both discovery and focus screening steps in order to 
achieve the goals of material development. 
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12.1.2 Electrocatalysis in PEM Fuel Cells 

Proton exchange membrane (PEM) fuel cells are energy conversion devices, which 
operate by oxidizing a fuel (hydrogen or small organic molecules) at the anode and 
reducing oxygen at the cathode. In this process, a PEM is used as a separator 
between the anode and cathode, and also serves as an ionic conductor. The 
electrocatalysis in PEM fuel cells is mainly relevant to three kinds of fuel cell 
reactions: oxygen reduction reaction (ORR), hydrogen oxidation reaction (HOR), 
and methanol oxidation reaction (MOR), described as follows: 


0 2 (g) + 4H + (aq) + 4e' —»■ 2H 2 0(1) 

(12.1) 

H 2 (g) —► 2H + (aq) + 2e“ 

(12.2) 

CH 3 OH(aq) + H 2 0(1) -> C0 2 (g) + 6H + (aq) + 6e' 

(12.3) 


In a hydrogen-air/oxygen PEM fuel cell, electrocatalysts are necessary in order 
to catalyze the ORR (12.1) and HOR (12.2) at the cathode and anode, respectively. 
Normally, the ORR and HOR easily happen on the surface of noble metals such as 
platinum (Pt). However, in a hydrogen-fuelled PEM fuel cell, the reaction rate of 
the ORR is lower than that of the HOR by several orders. Therefore, the ORR at 
the cathode side dominates the overall performance of such a fuel cell. Thus, 
finding a good ORR electrocatalyst is one of the major subjects in PEM fuel cell 
electrocatalysis. To date, Pt is the most active and stable catalyst that can 
electrocatalyze the ORR at a practical rate in a PEM fuel cell. However, use of Pt 
is limited by its cost and rarity. In this sense, developing low or non-Pt ORR 
catalysts is highly desirable. There are two major strategies for cost-effective and 
high-performance catalysts: one is to lower Pt content in the catalysts through 
alloying other low-cost metals, without compromising performance; the other is to 
develop new non-Pt or even non-noble metal catalysts that are able to operate in a 
real fuel cell with acceptable activity and stability. For the HOR at the anode side, 
carbon monoxide (CO) as an impurity in the reforming hydrogen gas can poison 
the Pt surface, causing performance to drop. Even a very small amount of CO in 
the iuel can occupy and deactivate the Pt-active sites. Developing CO-tolerant 
catalysts for HOR is thus another R&D topic for hydrogen-fuelled PEM fuel cell 
electrocatalysis. Some platinum alloys such as PtRu have been found to be 
effective CO-tolerant catalysts for HOR. 

In a direct methanol fuel cell (DMFC), the methanol oxidation reaction (MOR) 
is also a slow reaction in the whole electrochemical reaction process. Even using Pt 
as a catalyst, MOR is still much slower than HOR. The mechanism of MOR is 
much more complicated than those of ORR and HOR. The intermediates of MOR, 
including CO and CO-like species, can easily poison the Pt active site, causing 
large anode overpotential and then sluggish kinetics. Because liquid methanol is 
preferable to gaseous hydrogen, in terms of fuel storage and transportation, DMFC 
is thought to be the most promising fuel cell to be commercialized in the near 
future. A considerable global R&D effort in the DMFC community has been 
focused on cost-effective and high-performance catalysts for MOR. Lots of Pt- 
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based alloys have been explored as candidates for MOR catalysis. In addition, 
ORR at the cathode can also be depressed due to the methanol crossover that 
happens when methanol penetrates the membrane. The methanol in the cathode 
will lead to a direct MOR between the cathode oxygen and the methanol on the Pt 
catalyst, depressing the concentration of oxygen. In addition, the resulting 
intermediates can also poison the Pt active sites. Both effects can cause 
performance degradation. Therefore, finding methanol-tolerant ORR catalysts for 
the DMFC cathode is also an important aspect of fuel cell electrocatalysis [7]. 

In the past several decades, numerous studies [5-8] have been carried out to 
address challenges in the area of fuel cell electrocatalysis. Many alloys, 
compounds, and composites have been explored and validated as effective fuel cell 
electrocatalysts, through traditional one-at-a-time study strategies. However, there 
is much room for new exploration of electrocatalysts, such as composition-diverse 
binary, ternary, quaternary alloys, or non-noble metal oxides and composites. It 
seems that the traditional methods for new catalyst development are not fast 
enough for electrocatalyst breakthrough to align with the urgent demands of fuel 
cell technology. Combinatorial chemistry thus provides a possible solution to the 
current need for fuel cell electrocatalysis R&D. Since Reddington et al. first 
introduced combinatorial electrochemistry into the field of fuel cell electrocatalysis 
in 1998, combinatorial methods have been rapidly developed and successfully 
applied to the high throughput screening of fuel cell electrocatalysts. Although still 
in their maturating period, combinatorial methods have been effective and promise 
great advantages for the discovery of new catalysts for fuel cell technology. 


12.2 Combinatorial Methods for Fuel Cell Electrocatalysis 

Similar to the applications of combinatorial chemistiy in other fields, 
combinatorial methods for fuel cell electrocatalysis include two key procedures: 
preparing catalyst libraries, and high throughput screening of the chemical/physical 
properties of catalysts. The technical challenges for this new application involve 
how to transplant the existing combinatorial library preparation methods into the 
area of fuel cell catalysis, including considerations of array design and how to 
modify existing screening methods or develop new screening methods to match the 
electrochemical requirements of fuel cell catalysts. 

12.2.1 Catalyst Library Preparation 

12.2.1.1 Gradient Arrays 

Mapping strategy is often used to design multi-element combinatorial libraries with 
a form of composition gradients. For example, in the pioneering work of 
Reddington et al., a quaternary combinatorial library was designed by unfolding a 
three-dimensional phase diagram to a two-dimensional map, as shown in Figure 
12 . 1 . 
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Figure 12.1. (Top) Unfolding of a quaternary phase diagram and mapping into two 
dimensions. (Lower left): at a resolution of 10 different compositions along each binary 
edge. This quaternary map contains 220 unique spots with composition varying smoothly 
across the array. Redundant binary lines (dashed lines in the top drawing) are eliminated in 
the map. The three nested shells in the phase diagram are marked by 1,2, and 3 in the map. 
(Lower right): Inkjet-printed and subsequently borohydride-reduced array of electrocatalysts 
on Toray carbon paper [9]. (From Reddington E, Sapienza A, Gurau B, Viswanathan R, 
Sarangapani S, Smotkin ES, et al. Combinatorial electrochemistry: a highly parallel optical 
screening method for discovery of better electrocatalysts. Science 1998;280:1735-7. 
Reprinted with permission from AAAS.) 


This mapping gives a smooth variation in composition across the array, as 
illustrated in the color map made from cyan, magenta, yellow, and black inks. 
According to the combinatorial theory, for a combinatorial map of n different 
components, the number of the total combinations N is given by Equation 12.4: 


N{n,m) 


(n + m - 2)! 
(«-l)!(ff?-l)! 


(12.4) 


where m is the number of compositions along a given binary edge in the map. In 
this case, n = 4,m= 10, so the total compositions N= 121/3!9!= 220. It can be seen 
in Figure 12.1 that this quaternary array contains an outer shell of 4 elements 
(vertices), 48 binaries (edges), 112 ternaries (faces) and two inner shells containing 
52 and 4 quaternaries. In total, there are 220 unique compositions. As shown in 
Figure 12.1, by customizing a commercially available inkjet printer with this 
quaternary pattern, the metal salt inks containing appropriate H 2 PtCl 6 -6H 2 0, 
RliCIvaH 2 0. OsC1 3 , K 2 IrCl 6 , RhCl 3 -2.4H 2 0 and glycerol were printed onto Toray 
carbon paper. After borohydride reduction of these metal salt inks, a quaternary 
combinatorial catalyst library with 220 samples was prepared. 

Another preparation method for gradient array is “gel-transfer” 
electrodeposition, which was developed by Hiller and coworkers. This method 
involves the controlled diffusion of precursor metal salts into a hydrated gel from 
spatially distinct locations, followed by an electrodeposition to create a surface 
composition gradient. As illustrated in Figure 12.2(a), a ternary catalyst gradient 
was created by diffusing precursor metal salts, from three different locations, into a 
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gel. A thin layer of 4% agarose gel was deposited onto a patterned ITO substrate. 
Glass capillaries were pierced through the gel at the three vertices of a triangle, 
through which the solutions of the metal salts were introduced. The metal salts 
were allowed to diffuse into the gel for several hours, a process which created a 
concentration gradient of the metal salts. The gel was then cut in the shape of a 
triangle and the metal ions were subsequently reduced onto the ITO surface by 
electrodeposition. The gel and photoresist were then removed, leaving a triangular¬ 
shaped three-component catalyst gradient on the ITO substrate. Figure 12.2(b) 
depicts a typical optical image of a concentration gradient of Pt 4+ /Ru 3+ /Rh 3+ ions 
within an agarose gel. 




(a) 



(b) 

Figure 12.2. (a) Schematic of synthesis routine for a multi-component catalyst gradient by 
gel-transfer method, (b) Optical image of concentration gradient of Pt 4+ /Ru 3+ /Rh 3+ in 
agarose gel [12]. (Reproduced by permission of ECS—The Electrochemical Society, from 
Jayaraman S, Hillier AC. Electrochemical synthesis and reactivity screening of a ternary 
composition gradient for combinatorial discovery of fuel cell catalysts.) 
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Figure 12.3. A 64-element addressable electrode array on a 3-inch quartz wafer which was 
used as a support for the synthesis of chemically diverse electrocatalyst libraries [13]. 
(Reprinted with permission from J Phys Chem B 2003;107:11013-21. Copyright 2003 
American Chemical Society.) 

12.2.1.2 Mask Arrays 

Mask arrays are usually designed for the preparation of multi-metal alloys and 
oxides through the sputter deposition method. In a mask array, the catalyst 
compositions are controlled by designing the mask combinations. For instance, 
Strasser et al. invented a sputtering system for combinatorial studies of fuel cell 
electrocatalysis. A 64-element addressable electrode array was fabricated on an 
insulating 3-inch quartz wafer using lithographic techniques (Figure 12.3). 
Automated RF-magnetron vacuum sputtering was employed to rapidly synthesize 
the 64-element metal alloy electrocatalyst library (Figure 12.4[a]). The individual 
constituents of the synthesized catalyst composition were deposited onto the 64- 
element electrode array by controlling contact masks. A moving-shutter technique 
controlled the deposition process of thin-film gradients with ranges from a few 
Angstroms to several micrometers. Compositional variations in the thin films were 
achieved either by sputtering parallel and orthogonal thickness gradients or by 
sputtering multiple non-gradient metal slabs with varying thicknesses (Figure 
12.4[b]). A ternary thin-film electrocatalyst library with the formulation of PtRuM 
(M=Co, Ni, W) was prepared using this technique. 
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Figure 12.4. (a) An RF magnetron sputter technique with automated target selection, 
automated moving shutters, as well as physical shadow masking, (b) Sequential gradient 
sputtering of very thin material slabs which can lead to in situ formation of thin-film alloy 
on the contact spots. Superlattice deposition in z-direction can result in the build-up of 
thicker films of the desired stoichiometric gradient [13]. (Reprinted with permission from J 
Phys Chem B 2003; 107:11013—21. Copyright 2003 American Chemical Society.) 

12.2.1.3 Arrays of Conventional Electrodes 

For some combinatorial experiments, in particular those focus-level combinatorial 
screening experiments, the number of experimental points is relatively low so that 
the high-resolution array designs can be fabricated by conventional catalyst 
preparation methods. For example, Guerin et al. adopted a traditional catalyst 
preparation method to fabricate a 64-element catalyst array for combinatorial 
electrochemical screening of fuel cell electrocatalysts, as shown in Figure 12.5. In 
this experiment, 8><8 glassy carbon rod electrodes were embedded in a glass-filled 
PTFE block. Volumetric suspensions of Pt/C powders containing Nation in glacial 
acetic acid were manually deposited onto each electrode to form a 64-element 
catalyst array. The amount of Nafion in the deposits was controlled by adding 50 
pL of 5 wt% Nafion suspension to the mixture of glacial acetic acid and Pt/C 
powder. In order to ensure the suspensions were homogeneous, the volumetric 
flasks containing these suspensions were vigorously shaken, using an ultrasound 
bath, for several hours prior to use. During the transfer of aliquots of the 
electrocatalyst suspensions, the volumetric flasks were immersed in the operating 
ultrasound bath throughout the process. 

This preparation method of catalyst array has an advantage, which is that the 
high surface-area catalysts can be screened under similar circumstances as are used 
in the traditional half-cell electrochemical testing. An additional advantage is that 
through this approach, the effect of other chemical/physical variables besides 
composition can also be studied, for example, variables such as Pt loading and 
catalyst particle size, as has been done in Guerin’s work. 
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Figure 12.5. Schematic of the cell (viewed from the top, the side, and an expanded view of 
a single electrode) which was used for electrochemical screening of the 64-element array: 
(A) vitreous carbon electrode, (C) spring-loaded electrical contact, and glass filled PTFE 
array base plate, (D) polypropylene contact holder, and (E) a printed circuit board [14], 
(Reprinted with permission from J Comb Chem 2004;6:149-58. Copyright 2004 American 
Chemical Society.) 

12.2.2 Catalyst Activity Down-selection 

12.2.2.1 Indirect Optical and Spectroscopic Screening 

The optical detection method is widely used in combinatorial screening for 
biochemical affinity, organic host-guest interactions, and inorganic 
phosphorescence. The method is fast—regardless of the complexity of the array— 
simple to implement, and allows one to ignore the uninteresting majority of phase 
space. Reddington et al. [9] adopted this method for combinatorial screening of 
fuel cell electrocatalysts. They used a fluorescent indicator, quinine in a neutral 
solution, or NiPTP in a low pH solution to image the activity of the catalyst array. 
These chemicals are luminescent in their acid form. The fluorescent indicator could 
detect the presence of proton ions in the electrolyte, which resulted from the anodic 
methanol oxidation reaction. A typical example is illustrated in Figure 12.6, 
showing a Pt-Rh-Os ternary array screened in a 6 M methanol solution containing 
quinine indicator. The left shows an image in white light. The center shows a 
fluorescence image at low overpotential, displaying the most active region of 
composition space. To the right is a fluorescence image at high overpotential, with 
methanol oxidation occurring at every spot in the array. Based on optical 
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observation, the best anode composition in this ternary array was found to be 
Pt 62 Rfi250si3, which was much better than Pt but slightly inferior to Pt 50 Ru 5 o- 



Figure 12.6. A Pt-Rh-Os ternary array in 6 M aqueous methanol solution containing a 
quinine indicator [9], (From Reddington E, Sapienza A, Gurau B, Viswanathan R, 
Sarangapani S, Smotkin ES, et al. Combinatorial electrochemistry: a highly parallel optical 
screening method for discovery of better electrocatalysts. Science 1998;280:1735-7. 
Reprinted with permission from AAAS.) 

The greatest advantage of the optical method is simplicity when screening large 
catalyst libraries, because this technique requires only aqueous indicator solutions 
and a hand-held UV lamp. However, this method has two major drawbacks: it is 
insensitive to minor differences in electrode activity and it does not provide direct 
electrochemical measurement, which is required for complete characterization. 

Scanning electrochemical microscopy (SECM) can also be treated as a 
combinatorial screening method for fuel cell electrocatalysis. Through positioning 
a microelectrode probe near a substrate-electrolyte interface, SECM has an ability 
to create mass transfer between the tip and the sample (proportional to their 
separation). The resulting mass transfer rate is high enough to evaluate fast kinetic 
rate constants. Typically, it can evaluate a kinetic constant with two to three orders 
of magnitude higher value than that evaluated by the regular ring-disk electrode 
(RDE) technique. In addition, SECM also can perform interfacial measurements as 
a function of spatial position, a function which allows direct structure-function 
measurements on the catalytic surfaces, through imaging variations in reactivity 
that occur in conjunction with changes in surface composition or structure. 

There are primarily two SECM modes developed for combinatorial screening 
of fuel cell electrocatalysts. The first is the tip collection-sample generation (TC- 
SG) mode [16]. The principle of this mode was presented in Figure 12.7(a), with 
methanol oxidation as a model reaction. Normally, SECM employs a fine electrode 
tip that is moved near a surface through an x-y-z positioning system. When the tip 
scans near the surface, the electrochemical current between the tip and the 
substrate can be measured. In Figure 12.7, proton reduction was used as the SECM 
tip reaction. The protons were produced by hydrogen oxidation or methanol 
oxidation, then electrocatalyzed by the catalysts on the substrate. These protons 
were then reduced at the tip. If the tip potential value were to be made sufficiently 
negative, the reduction of protons would be at a diffusion-controlled rate. The 
variations in the tip current with the position could be used to characterize the 
relative reactivity of the substrate at different conditions, such as electrolyte, bias 
voltage, temperature, etc. This technique, combined with its electrochemical 
reaction mechanism, enables visualization of the spatial distribution of reaction 
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rates across a catalyst library, thus aiding the search for new catalysts. One of the 
drawbacks of this method, however, is the pH limitation of the studied electrolyte. 
The other is the tip generation-sample collection (TG-SC) mode [17], which is 
targeted at the oxygen reduction reaction. The principle of this mode is shown in 
the Figure 12.7(b). In Figure 12.7, an ultramicroelectrode (UME) tip, controlled by 
the SECM, is placed close to the substrate and a constant oxidation current (i T ) is 
applied to the tip. Water is oxidized to oxygen on the UME, and a constant flow of 
oxygen is generated at the tip and diffused to the substrate. If the substrate 
potential is fixed at a value where oxygen should be reduced to water, the oxygen 
reached at the substrate surface will be reduced. The reduction rate of oxygen will 
be strongly dependent on the substrate potential and its electrocatalytic activity. 
The main advantage of this mode is that it can measure reactions inaccessible by 
the first mode, for example, the ORR in neutral or alkaline solutions. Figure 12.8 
shows an example of SECM imaging of the ORR activities in a PtRu binary 
catalyst array. 



2H* H 2 


CO 2 + 6 H* CH 3 0H + H 2 0 
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UME Tip 
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2 H : 0 O, + 4 H' 




U, + 4 ir 4 *> 2 HP 
Elcctroactivc Substrate 


(a) (b) 

Figure 12.7. Scheme of (a) the tip collection-sample generation (TC-SG) mode [16], and (b) 
the tip generation-sample (TG-SC) collection mode [17] of SCEM combinatorial screening 
of fuel cell electrocatalysts. (Figure 12.7(a) reproduced by permission of ECS—The 
Electrochemical Society, from Shah BC, Hillier AC. Imaging the reactivity of electro¬ 
oxidation catalysts with the scanning electrochemical microscope. Figure 12.7(b) reprinted 
with permission from Anal Chem 2003;75:2967-74. Copyright 2003 American Chemical 
Society.) 


Besides SECM, other spectroscopic methods, such as scanning differential 
electrochemical mass spectrometry (SDEMS) and IR thermography, were also 
used as combinatorial screening methods for fuel cell electrocatalysis. The 
principle of SDEMS is to use mass spectrometry to locally measure dissolved 
gases and volatile liquid species near the surfaces of catalyst arrays. IR 
thermography is based on reaction heat mapping. The heat results from the fuel cell 
electrochemical reactions on the catalyst arrays. Both methods can obtain reaction 
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information that has an indirect relationship with the electrochemical reactions; 
therefore, similar to optical methods, they have the drawbacks of insensitivity. 
Furthermore, some special instruments are also required. 





Figure 12.8. ORR images obtained by SECM (the TG-SC mode) screening of an array of Pt 
(left spot and right row) and Ru (middle row) spots supported on a glassy carbon [17]. 
(Reprinted with permission from Anal Chem 2003;75:2967-74. Copyright 2003 American 
Chemical Society.) 

12.2.2.2 Direct Electrochemical Screening 

The activity and performance of fuel cell electrocatalysts need to be evaluated in 
terms of electrochemical parameters, including current density and electrode 
potential. Electrochemical screening methods have been identified as ideal direct 
approaches for combinatorial studies of fuel cell catalysts. Two types of 
electrochemical measurement systems have been developed for combinatorial 
screening of fuel cell catalysts: the array half-cell system and the array single-cell 
system. 

Figure 12.9 illustrates a typical array half-cell electrochemical screening 
system. In this system, the work electrode is a catalyst array that was prepared on a 
2-inch silicon wafer with titanium nitride leads and pads, by the sputtering 
deposition technique. The catalyst array contains up to 100 combinatorial catalyst 
members. A glass cylinder and a silicone o-ring, both with a 38-mm diameter, are 
pressed on the wafer. In this way, the possible contact between the catalyst library 
pads and the electrolyte can be avoided. A plastic lid with a Teflon gasket is 
screwed on the assembly, fixing the entire cell in place. The whole array half-cell 
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system contains the studied electrode array, an Nb (coated by Pt) counter electrode, 
a calomel reference electrode, a thermocouple, and an air stone. A multi- 
potentiostat connected to the target electrode array (working electrodes) was used 
for electrode potential control. All individual target electrodes in the array share 
the same counter electrode and reference electrode. Cooper and McGinn [22] 
successfully applied this system to combinatorial screening of two ternary Pt-Ru- 
W and Pt-Ru-Co catalyst series for methanol oxidation reaction. In addition, the 
64-element array electrochemical screening system developed by Guerin et al. [14] 
(shown in Figure 12.5) is also a good example of the array half-cell system for 
electrocatalyst combinatorial screening. 
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Figure 12.9. Schematic drawing of an assembled electrochemical cell for combinatorial 
screening catalyst libraries prepared by sputter deposition [22], (Reprinted from Journal of 
Power Sources, 163(1), Cooper JS, McGinn PJ. Combinatorial screening of thin film 
electrocatalysts for a direct methanol fuel cell anode, 330-8, ©2006, with permission from 
Elsevier.) 


Figure 12.10 shows an array single-cell electrochemical system, which was 
invented by Liu and Smotkin for electrocatalyst combinatorial screening in a real 
fuel cell circumstance. This array single-cell electrochemical system contains 25 
individually controllable electrodes. Each electrode represents a miniaturized fuel 
cell: gaseous or liquid fuel can be introduced through fuel cell array flow fields. 
The catalyst layers were fabricated in exactly the same manner as for fuel cells. 
The fabrication methods used for the preparation of state-of-the-art membrane 
electrode assembly (MEA) were employed for the fabrication of the catalyst array, 
allowing catalyst testing with realistic reactant exposure histories (conditioning) 
and steady-state reaction conditions. The individual catalysts were prepared by 
traditional ink deposition technique and applied onto carbon paper. Array disks 
were punched and hot-pressed onto the Nation membrane. For electrochemical 
measurements, a standard fuel cell counter electrode was used. In order to provide 
a large area and non-polarizable reference electrode, hydrogen gas was delivered to 
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the common cathode. The graphite sensor electrodes were pressed and inserted into 
the insulating ceramic flow field. Polarization curves for all array targets were 
recorded simultaneously using a multi-potentiostat. This array single-cell 
electrochemical system has a unique advantage over other combinatorial screening 
methods, in that its testing conditions are very close to the real fuel cell 
circumstances. 



Figure 12.10. Component of array fuel cell: array flow field (center), clockwise from upper 
right: array MEA, graphite flow field sensor, counter electrode flow field, and assembled 
cell with multielectrode potentiostat [15]. (Reprinted, with permission, from the Annual 
Review of Materials Research, Volume 33 ©2003 by Annual Reviews www.annual 
reviews.org.) 


12.3 Combinatorial Discoveries of Fuel Cell Electrocatalysts 

Since Reddington et al. [9] first applied combinatorial electrochemistry to screen 
quaternary platinum alloys for DMFC anodes, many electrocatalysts, including 
noble metal alloys, non-noble metal alloys, metal oxides (perovskite), transition 
metal chalcogenides, as well as transition metal macrocycles, have been explored 
by these combinatorial methods for fuel cell electrocatalysts. Besides element 
screening and composition optimization, combinatorial methods were also useful 
in investigating the synthesis and reaction conditions, such as Nafion content in 
MEA inks, Pt loading in the catalyst layer, Pt particle size, sintering temperature, 
metal dissolution, and so on. Here, we describe several typical examples of using 
combinatorial methods to develop new electrocatalysts for PEM fuel cell reactions. 
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12.3.1 Low/Non-platinum Content Catalysts for PEM Fuel Cell Cathodes 

Developing low or non-platinum content catalysts for ORR at the cathode is one of 
the major challenges in overcoming the cost barrier for PEM fuel cell 
commercialization. Two major approaches for this subject are: (1) alloying other 
noble or non-noble metals into Pt, and (2) exploring Pt-free metal compounds as 
effective and stable ORR electrocatalysts. There are a large number of new alloys 
and compounds that may be suitable for this purpose, although so far few new 
catalysts have been found to match the goal. 



Figure 12.11. (a) Relative Pt mass-fraction specific activities at 0.8 V for Pt binary alloys; 
(b) half-wave potential (HWP) shifts of these alloys in comparison with pure Pt standard; (c) 
relative changes of Pt atomic concentration of these alloys after electrochemical corrosion 
testing [24], (Reprinted from Journal of Power Sources, 165(1), He T, Kreidler E, Xiong L, 
Ding E. Combinatorial screening and nano-synthesis of platinum binary alloys for oxygen 
electroreduction, 87-91, ©2007, with permission from Elsevier.) 
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Compared to traditional methods, combinatorial methods show powerful 
capability for exploring such a huge number of catalyst candidates. For example. 
He et al. recently applied a multi-source physical vapor deposition technique to 
fabricate a series of binary Pt alloy thin film arrays, and employed a high 
throughput combinatorial screening for down-selection of a wide range of Pt-based 
binaiy alloy electrocatalysts for ORR. The candidates of these Pt-based binaiy 
alloy catalysts contained 18 base metals (Co, Cu, Fe, Mn, Mo, Ni, V, Zn, Cr, Nb, 
Pd, Re, Se, Sn, Ta, Ti, W, and Zr). Their catalyst array was electrochemically 
screened by a hydrodynamic multi-rotating disk electrode (M-RDE) system, which 
consists of 16 stations. Each station has a typical three-compartment 
electrochemical cell configuration, containing a conventional rotator (working 
electrode), a glass cell, a counter electrode, and a reference electrode. Using a 
multi-channel potentiostat, ORR reactions on all individual working electrodes in 
the array were measured simultaneously in oxygen-saturated 0.5 M H 2 SO 4 . The 
screening results were compared with a pure platinum baseline in terms of activity, 
stability and composition relationships. As shown in Figure 12.11, PtCo, PtNi, 
PtZn, and PtCu display higher catalytic activities towards oxygen electroreduction, 
but have poorer chemical stability in acid electrolytes. Alloys based on PtW, PtTi, 
and PtSe offer some modest catalytic activity improvements but have better 
chemical stabilities. These results are consistent with previous results obtained by 
the conventional one-at-a-time method, and also provide useful hints in exploring 
new ternary or quaternary alloy ORR catalysts with high activity and good 
stability. 

12.3.2 CO-tolerant Catalysts for PEM Fuel Cell Anodes 

Developing CO-tolerant Pt alloy catalysts for HOR at the fuel cell anode is also 
important in reducing the technical difficulties of purifying hydrogen fuel. At the 
current stage of technology, reforming hydrogen gas is more cost-effective than 
pure hydrogen. However, impurities (such as CO) in reforming gas can easily 
poison the catalysts. It has been identified that the poison effect could be 
minimized through alloying other metals with Pt catalysts. For example, PtRu 
shows much better CO-tolerance than pure Pt. Therefore, searching for more 
effective and cheaper CO-tolerant catalysts for HOR is necessary. Recently, Yang 
et al. demonstrated the effectiveness of combinatorial methods in studying the 
multi-element alloying effect of catalysts on the PEM fuel cell hydrogen oxidation 
reaction. Pt, _ x M x (M = Ru, Mo, Co, Ta, Au, Sn), randomly alloyed catalysts with a 
wide range of binary composition covering, were fabricated by DC magnetron 
sputtering technique. The catalyst activities were studied in a 64-electrode single¬ 
cell system using pure hydrogen or reformate that contained up to 50 ppm CO as 
fuel. When pure hydrogen was used, most of the binaiy compositions in the 
Pt!_ x Ru x , Pfi-JVIOx, and Pt Hx Co x samples were found to be better HOR catalysts. 
The HOR overpotentials when using Pti_ x Ta x , Pti_ x Au x , and Pti- x Sn x as catalysts 
were increased significantly if the compositions were at intermediate metal levels 
(Ta and Au > 50 atom. %, Sn > 40 atom. %). This implies that the alloying 
elements can significantly degrade Pt catalytic activity towards HOR. If the 
reformate was used as fuel (shown in Figure 12.12), Ru, Mo, and Sn were found to 
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improve the CO tolerance of Pt catalysts, although the intrinsic HOR catalytic 
activity of Pt decreased significantly with increasing Sn content. The addition of 
Co to Pt had no impact on CO tolerance, possibly due to the Co loss through 
dissolution during the fuel cell operation. The addition of Au to Pt led to an 
increase in HOR overpotential when CO was present. Small amounts of Ta gave a 
small reduction in HOR overpotential in the presence of CO, but the overpotentials 
were still too high for practical application in a reformate-fed fuel cell. 
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Figure 12.12. Representative CO-tolerance hydrogen oxidation polarization for the six 
binary systems studied. The measurements were made with (gray lines) 10 ppm and (black 
lines) 50 ppm CO in reformate fuel (40% H 2 , 21% C0 2 , 39% N 2 ) [25], (Reproduced by 
permission of ECS—The Electrochemical Society, from Journal of the Electrochemical 
Society, Yang R, Bonakdarpour A, Bradley Eaton E, Stoffyn-Egli P, Dahn JR. 
Characterization and PEMFC testing of Pt!- X M X (M=Ru,Mo,Co,Ta,Au,Sn) anode 
electrocatalyst composition spreads.) 

12.3.3 Platinum Alloy Catalysts for Direct Methanol Fuel Cell Anodes 

One large advantage of DMFC over the hydrogen fuel cell is the use of more 
manageable liquid methanol instead of hydrogen as fuel. However, the sluggish 
kinetics of the methanol oxidation reaction (MOR) leads to lower performance 
than in the H 2 -fuelled PEMFC. Thus, developing high-efficiency MOR catalysts 
has attracted a great deal of attention in recent years. PtRu alloys have been 
identified as the best catalysts, so far, for MOR at DMFC anodes. In fact, the first 
application of combinatorial methods to fuel cell catalyst screening is the 
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exploration of new quaternary Pt alloy catalysts for DMFC anodes. A quaternary 
alloy, Pt 4 4 Ru 41 OsioIr 5 , was found to be much more active than the state-of-the-art 
Pt 50 Ru 5 o catalyst if it was used as a DMFC anode catalyst, even though the latter 
catalyst had about twice the surface area of the former [9]. Following this pioneer 
work, many studies have been carried out using combinatorial methods to screen 
DMFC anode electrocatalysts. Cooper et al. [22] employed a sputtering technique 
to fabricate a series of ternary alloy catalyst libraries, and adopted an array half-cell 
electrochemical system to combinatorially investigate the Pt-Ru-W and Pt-Ru-Co 
ternary alloy systems as DMFC anode electrocatalysts. They found that the 
addition of W and Co into the Pt-Ru alloy had a positive effect on the DMFC 
performance. Flowever, a change in optimum composition with the potential 
cycling of the electrode was observed. Initially, Pt 2 5 Ru 0 W 75 and Pti 7 Rui 7 Co66 had 3 
and 20 times better performances than the best binary Pt-Ru catalyst, respectively. 
However, after cycling the potential at 60 °C, the optimum ternary compositions 
were shifted from Pt 25 Ru 0 W 75 to Pt 44 Rui 2 W 44 and from Pti 7 Ru 17 Co 6 6 to 
Pt 12 Ru 5 oCo 3 8 , respectively, as shown in Figure 12.13. The optimum Pt-Ru-W and 
Pt-Ru-Co compositions show a peak MOR current density that was 1.5 and 2.5 
times more than the best Pt-Ru binary composition, respectively. These results 
were different from those reported in other studies. The deviation was probably 
due to differences in the catalyst synthesis methods. 






A 
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Figure 12.13. (a) Peak current densities and (b) onset potentials of methanol oxidation 
reaction electrocatalyzed by the combinatorial (A) Pt-Ru-W and (B) Pt-Ru-Co systems. 
[22], (Reprinted from Journal of Power Sources, 163(1), Cooper JS, McGinn PJ. 
Combinatorial screening of thin film electrocatalysts for a direct methanol fuel cell anode, 
330-8, ©2006, with permission from Elsevier.) 
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Figure 12.14. Fluorescence image of Pt and non-Pt binary array at 0.55 V vs. RHE in 
oxygen saturated electrolyte (pH = 4), which contained 100 mM fluorescein sodium salt, 0.2 
M NaN0 3 and 0.5 M methanol [26]. (Reprinted from Applied Surface Science, 252(7), Liu 
JH, Jeon MK, Woo SI. High-throughput screening of binary catalysts for oxygen 
electroreduction, 2580-7, ©2006, with permission from Elsevier.) 

12.3.4 Methanol-tolerant Catalysts for Direct Methanol Fuel Cell Cathodes 

Combinatorial methods have also been applied to the area of exploring methanol- 
tolerant Pt and non-Pt alloy catalysts for DMFC cathodes. Liu et al. investigated a 
series of Pt-based and non-Pt binary alloys as ORR electrocatalysts by employing 
the high-throughput optical screening method. The catalyst arrays were prepared 
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by ink deposition technique, using an automatic dispenser followed by a thermal 
treatment. The ORR activities were evaluated in oxygen-saturated sulfuric acid 
containing 100 mM of fluorescein sodium salt as pH indicator. As illustrated in 
Figure 12.14, some of the Pt-based binaiy catalysts, including PtBi, PtCu, PtSe, 
PtTe, and Ptlr, as well as the non-Pt catalysts, such as RuFe, show higher activities 
than pure Pt. All the active binary catalysts exhibit better methanol tolerance than 
Pt. In particular, the RuFe catalyst has a stronger methanol tolerance capability. 
Moreover, stability tests showed that after polarizing the binary arrays at 1.0 V in 1 
M H 2 SO 4 , the obtained fluorescence images displayed the same brightness as those 
before polarization, suggesting that these binary catalysts were stable. This stability 
may suggest that the binary catalysts currently developed could be suitable 
candidates for PEM fuel cell or DMFC cathode catalysts, although further 
validation is necessary in real fuel cell operation. 


12.4 Conclusions 

Electrocatalysis is one of the important areas in PEM fuel cell development and 
commercialization. Although numerous researchers have been successful, over the 
past several decades, in searching for new fuel cell electrocatalysts, there are still 
large technical and cost gaps that need to be closed with respect to the 
commercialization of PEM fuel cells, including DMFCs. In order to speed up 
catalyst development, the combinatorial method has been identified as an effective 
way for new catalyst exploration and development. Since it was first introduced 
into fuel cell electrocatalysis ten years ago, the combinatorial method has 
developed rapidly and has shown significant advances in applications of fuel cell 
electrocatalysis. Many combinatorial catalyst library preparation methods (such as 
ink-jet printing, sputtering, electrodeposition, and traditional ink deposition) and 
high throughput screening methods (such as optical detection, electrochemical 
half-cell array, electrochemical single-cell array, SECM, SDEMS, and IR 
thermography) have been designed, invented, and improved. Various noble metal 
or non-noble metal alloys, compounds, and composites have been explored as 
candidates for electrocatalysts of major PEM fuel cell reactions, including ORR, 
HOR, andMOR. 

However, the current combinatorial techniques still have some limitations for 
fuel cell catalyst synthesis and screening. The main drawback is that the current 
combinatorial catalyst libraries (gradient arrays and mask arrays) fabricated by 
high-speed and large-capacity preparation methods are not comparable to the 
traditional catalysts synthesized by state-of-the-art techniques. The differences 
between the synthetic methods may lead to different optimum compositions. In 
some rare cases, false information may lead to mistakes in interpreting results. 
Hence, for the further development of combinatorial methods in PEM fuel cell 
catalysis, improving the catalyst library preparation techniques is significant. It is 
also suggested that a complete combinatorial study of fuel cell electrocatalysis may 
include both discovery level and focus level experiments, where the catalyst 
libraries are fabricated by both high throughput methods and traditional methods, 
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respectively. And eventually, the optimal catalysts should be validated in real fuel 
cell testing. 

It is worth noting that combinatorial chemistry has only been explored in the 
field of fuel cell electrocatalysis for a short time (around ten years). Therefore, it is 
still a developing and maturing technology. With improvement in both catalyst 
library preparation and screening techniques, combinatorial methods will become 
more important in new fuel cell electrocatalyst development. It is also believed that 
this combinatorial method will speed up new catalyst exploration, and thus 
accelerate developments toward PEM fuel cell breakthrough and 
commercialization. 
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13.1 Introduction 

Proton exchange membrane (or polymer electrolyte membrane) (PEM) fuel cells 
are one type of clean energy converting device that can contribute to sustainable 
world development. PEM fuel cells use hydrogen or hydrocarbons for fuel and air 
as the oxidant, reacting through a silent electrochemical process at low 
temperatures (60-90 °C) to convert chemical energy to electricity with zero or low 
emissions. This technology is attractive mainly due to its environmentally friendly 
nature and highly efficient energy conversion as compared to traditional energy 
technologies such as internal combustion engines (ICEs). At our current stage of 
development, two kinds of PEM fuel cells are the most promising for 
commercialization: the hydrogen (H 2 )-fuelled PEM fuel cell, a major candidate for 
automobile applications to replace oil-dependant ICE technology; and the 
methanol-fuelled PEM fuel cell or direct methanol fuel cell (DMFC), which shows 
great potential for applications in portable electronic devices. 

For the FL-fuelled PEM fuel cell, the dominant challenges to commercialization 
are high cost and low reliability/durability. Both cost and reliability strongly 
depend on the electrocatalysts that drive the electrochemical reactions at the 
cathode and anode sides of a fuel cell. At this time, the most practical 
electrocatalysts in PEM fuel cells are platinum (Pt)-based catalysts. Due to the high 
cost and limited supply of Pt, reducing Pt loading in catalyst layers from the 
current level of 0.6-0.8 mg Pl cm 2 to -0.15 mg Pt cnf 2 is one of the key targets for 
automotive applications [1]. The most common strategy in Pt loading reduction to 
achieve this target is alloying other metal elements with Pt to form Pt alloying 
catalysts. This alloying practice not only reduces the noble metal content but also 
increases the catalytic activity. As is commonly recognized, the kinetics of the 
oxygen reduction reaction (ORR) at the cathode is the rate determining step in the 
whole fuel cell reaction, and requires much more catalyst than is needed for the 
anodic hydrogen oxidation reaction (HOR). Therefore, developing Pt-based alloys 
to increase the mass activity of the ORR by a factor of four is the activity 
benchmark and requirement for commercially feasible PEM fuel cells. Meanwhile, 
Pt-based alloys with carbon monoxide (CO) tolerance are also necessary for the 
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HOR at the anode, in order to overcome the problem of catalyst poisoning caused 
by CO impurity in the hydrogen gas. 

In the case of the DMFC, which uses methanol as fuel, cell performance is 
normally lower than in H 2 -fuelled cells, and Pt consumption in the 
catalysts/catalyst layers is also significantly higher due to the sluggish methanol 
oxidation reaction (MOR) at the anode. For early DMFC commercialization the 
target total catalyst loading for the entire membrane electrolyte assembly (MEA) 
(composed of both cathode and anode catalyst layers as well as membrane) must 
be reduced from the current 2.0-8.0 mg Pt cnf 2 to a level <1.0 mg Pt cnf 2 without 
performance compromise [2], Beside efforts to reduce cathode catalyst loading, 
developing Pt-based alloys with high activity towards the methanol oxidation 
reaction at the DMFC anode is equally important. In addition, in a DMFC, 
methanol crossover through the membrane from anode to cathode can also cause 
performance loss at the cathode. Therefore, methanol-tolerant Pt-based alloys at 
the cathode are also required for DMFCs. 

It is generally recognized that the development of Pt-based alloys is one 
feasible strategy for Pt load reduction and activity enhancement in fuel cells, 
including both hydrogen-fuelled PEMFCs and DMFCs. In this chapter, we 
introduce the research and development of Pt-based alloy catalysts for both the 
ORR and the MOR. The alloying effect and corresponding mechanism as well as 
the stability of Pt-based alloy catalysts towards the ORR and MOR will be 
described in detail. The topics of CO- and methanol-tolerant Pt-based alloy 
catalysts will not be discussed in this chapter (please see instead Chapter 16, “CO- 
Tolerant Catalysts”). 


13.2 Pt-based Alloy Catalysts for PEM Fuel Cell Cathodes 

13.2.1 The Alloying Effect on Cathode Catalyst Activity 

The development of Pt-based alloys as electrocatalysts for the ORR can be traced 
back to the 1980s when United Technologies Corporation (UTC) disclosed the use 
of a series of Pt alloys (Pt-V, Pt-Co-Cr, Pt-Ir-Cr, Pt-Rh-Fe, etc.) as ORR catalysts 
for phosphoric acid hiel cells (PAFCs) [3]. After that, a large number of binary, 
ternary, and quaternary Pt-based alloys were studied and validated under PAFC 
conditions, showing better activity and/or stability when compared with pure Pt 
catalysts. There is no doubt that this development of Pt alloy catalysts in PAFC 
technology lays a solid knowledge foundation for the same use of Pt-based alloy 
catalysts in PEM fuel cells, although an automatic correlation with activity 
enhancement cannot be made due to the differences in fuel cell operating 
environments. 

Early reports on the use of Pt alloys as ORR catalysts for PEM fuel cells were 
published by a group of scientists at Texas A&M University in the early 1990s [4- 
6]. They created a series of Pt alloys, including Pt-Ni, Pt-Co, Pt-Cr, Pt-Mn, and Pt- 
Fe, at high temperature (900 °C) under an inert atmosphere. These alloys can be 
expressed as Pt-M (where M is the non-noble metal alloying component). In the 
process of activity down-selection, a composition of 75(Pt):25(M) was found to be 
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optimal in achieving surface enrichment of M, based on crystallographic 
considerations. For fuel cell catalyst preparation, the alloy catalyst was loaded on 
high surface area carbon (Vulcan XC72) to form 20 wt% of supported catalyst. For 
the cathode catalyst layer, the catalyst loading was 0.3 mg (Pt /cm 2 . A small unit of 
PEM fuel cell hardware was employed to validate catalyst activity. Testing was 
carried out using FI 2 as fuel and O 2 as oxidant under a pressure range of 1-5 atm 
and a temperature range of 40-95 °C. Figure 13.1 shows IR-corrected Tafel plots 
for the catalyzed ORR, obtained at 5 atm and 95 °C with oxygen and hydrogen 
gases humidified at 100 and 105 °C, respectively. These results indicate that a 
performance gain of 20-30 mV compared to the performance with a Pt/C catalyst 
could be achieved, corresponding to a 2-5 times increase in specific activity. 
Among all Pt-M catalysts, Pt-Cr shows the highest activity. 



Figure 13.1. Steady-state IR-corrected Tafel plots for the cathodic ORR catalyzed by 
several biliary Pt alloy electrocatalysts at 90 °C and 5 atm pressure. Performance of a Pt/C 
electrocatalyst is shown for comparison. The electrodes had a metal loading of 0.3 mg cm 2 
and the loading of the metal on the carbon-supported catalyst was 20 wt%. The 
humidification temperature for the anode and cathode gas streams was kept at 10 and 5 °C 
above the cell temperature, respectively [6], (From Mukerjee S, Srinivasan S. O 2 reduction 
and structure-related parameters for supported catalysts. In Vielstich W, Gasteiger HA, 
Lamm A, editors. Handbook of fuel cells - fundamentals, technology and applications. New 
York: John Wiley & Sons, 2003. Reproduced with permission.) 

Johnson Matthey also carried out considerable work in the late 1990s on binary 
alloys such as Pt-Fe, Pt-Mn, Pt-Ni, Pt-Cr, Pt-Cu, and Pt-Ti [7]. For fuel cell 
catalysts, Pt alloys with a 50:50 Pt:M ratio were heat-treated at various 
temperatures to improve activity. The catalyst (20 wt% Pt alloy on Vulcan carbon) 
was integrated into an MEA with 25 cm 2 of active area for the fuel cell test. During 
fuel cell operation at 75 °C and 308/377 kPa pressure, H 2 and 0 2 were used as the 
fuel and oxidant, respectively. It was found that a 20-40 mV performance 
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improvement could be obtained if Pt-Ti, Pt-Mn, and Pt-Fe were used as the 
catalysts. Similar apparent Tafel slopes of -60 mV per decade were found for Pt 
and all Pt alloys, indicating that the ORR mechanisms catalyzed by Pt-M should be 
similar to the mechanism catalyzed by a pure Pt catalyst. Even using air as an 
oxidant, which is more practical in fuel cell applications, a performance 
enhancement of 25-30 mV was observed at some practical current densities. 

Because the catalytic activity of a carbon-supported Pt alloy depends on the 
properties of both the metal particle and the carbon support, comparison between a 
supported alloy catalyst and pure Pt may not be accurate. Therefore, some 
comparisons were made using unsupported Pt-based alloys as ORR catalysts for 
PEM fuel cells. Toda et al. [8-10] investigated the electrocatalytic activity of Pt- 
Ni, Pt-Co, and Pt-Fe alloy thin films prepared by the sputtering technique. 
Flydrodynamic voltammetry with rotated electrodes was utilized to measure the 
ORR activity of the alloys in 0.1 M FICIO 4 solution. A broad range of alloying 
compositions, with M varying from 10 to 80 at%, was explored. In comparison 
with a pure Pt catalyst, alloy catalysts showed a dramatic improvement in ORR 
activity. The most impressive performance (kinetic current density per real surface 
area at 0.76 V) was observed when using ~30 at% Ni, 40 at% Co, and 50 at% Fe. 
The kinetic current densities were over 10, 15, and 20 times higher than that of 
pure Pt. Paulus et al. [11, 12] also compared the alloying effect using carbon- 
supported Pt alloys and well-defined smooth bulk Pt alloys. Two kinds of bulk 
alloys, Pt-Ni and Pt-Co, were prepared using a series of sputtering and annealing 
cycles in an ultra-high vacuum (UHV) with a well-defined surface composition of 
Pt:M = 75:25. Several commercially available carbon-supported Pt alloy catalysts, 
i.e., 20 wt% Pt-Ni and Pt-Co on Vulcan XC72, were evaluated using 20 wt% Pt/C 
catalyst as a baseline. The rotating ring-disk electrode (RRDE) method was used to 
measure the electrochemical activity of these catalysts in 0.1 M HCIO 4 solution at 
20-60 °C. The results showed that only a small activity enhancement (the turnover 
frequency) of ~1.5 times could be observed for 25 at% Ni and Co catalysts, while 
for 50 at% Co catalyst supported on carbon, a significant enhancement of 2-3 
times was observed. Meanwhile, the bulk Pt alloys showed a two-fold enhanced 
ORR activity versus the identically prepared polycrystalline Pt catalyst. Figure 
13.2 shows the Tafel plots of the three unsupported catalysts in 0.1 M HCIO 4 at 
293 K with a rotating rate of 1600 rpm [13]. 

Most recently, Pt alloy catalysts that have the so-called structure of a Pt skin, 
i.e., with a pure Pt topmost atomic layer on the surface of the alloys, were reported 
to be the most active catalysts towards the ORR [14-17]. Stamenkovic et al. [14] 
studied the surface properties of Pt-M (M = Co, Ni, Fe) polycrystalline alloys 
prepared by sputtering, annealing, and leaching, respectively. They found two 
kinds of surface structure on the alloys, depending on the preparation procedure. 
The merely sputtered alloys could form Pt-skeleton outermost layers due to the 
dissolution of transition metal atoms in acid electrolyte, whereas the annealed 
alloys had a Pt-skin topmost layer containing only Pt. The catalytic activity 
towards the ORR on these two surfaces was much higher than that on a pure 
polycrystalline Pt surface, and the Pt-skin surface displayed the highest activity. In 
particular, the Pt 3 Ni alloy with the (111) face was 10 times more active than the 
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Pt(lll) surface, and 90 times more active than the current state-of-the-art Pt/C 
catalysts [17]. 



i K [mAcm J ] 

Figure 13.2. Tafel plots for sputtered surface (without Pt skin): Pt-polycrystalline, Pt 3 Co, 
and Pt 3 Ni in 0.1 M HC10 4 at 293 K [13]. (Reprinted with pennission from J Phys Chem B 
2002;106:11970-9. Copyright 2002 American Chemical Society.) 

Based on the above review of the ORR activity of Pt alloys, it appears Pt-based 
alloys can improve specific activity and mass activity by several times relative to 
pure Pt catalyst in both an acid electrolyte and a real PEM fuel cell environment. In 
particular, the reported Pt 3 Ni(l 1 l)-skin surface, which exhibits the most 
remarkable ORR catalytic activity that has ever been detected, looks very 
promising in terms of further activity improvement of Pt alloy catalysts for PEM 
fuel cell applications. The remaining challenge is how to create a fuel cell 
nanocatalyst with electronic and morphological properties that mimic the 
Pt 3 Ni(111) surface. 

13.2.2 Mechanism of the Alloying Effect on Cathode Catalysts 

Enhancing catalyst activity towards the ORR through alloying Pt with other 
transition metal elements has attracted much attention in the past several decades. 
Although there is still some controversy over the mechanism of the alloying effect, 
several hypotheses have been proposed and broadly discussed in the literature. 
Some of the observations on the alloying effect in PAFCs were also seen in 
PEMFCs. For example, surface roughening of the Pt alloy was observed due to 
dissolution or leaching of the more easily oxidizable base metals in bulk alloys. 
This dissolution or leaching of M could lead to higher activity via an increase in 
surface area [18]. It has also been identified that the low-index crystal planes of Pt 
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show higher ORR reactivity than the high-index crystal planes. When Pt is alloyed 
with another metal, the proportion of low-index crystal plane increases as 
compared with the proportion in pure Pt, resulting in improved ORR activity [19]. 
However, the main alloying effects are generally classified as the structural effect, 
the OH ads inhibition effect, and the electronic effect. 


13.2.2.1 The Structural Effect 

Jalan and Taylor [20] reported that the enhanced ORR activity of Pt alloys could be 
related to the decrease in Pt-Pt inter-atomic distance. They proposed that smaller 
Pt-Pt bond distances would provide more favorable sites for the dissociative 
adsorption of oxygen. Subsequently, many studies demonstrated that some base- 
metal elements with smaller atomic sizes than Pt will enter the crystal structure of 
Pt through substitution, resulting in lattice contraction and thereby a decrease in 
inter-atomic or nearest-neighbour distance between the Pt atoms. The alloys with 
lattice contraction are more active than Pt, while those with lattice expansion are 
less active. For example, Min et al. [21] investigated a series of Pt alloys and 
identified a relationship between the Pt-Pt nearest-neighbour distance and the 
specific ORR activity. As shown in Figure 13.3, a dozen Pt alloys display higher 
specific activities than does Pt alone, because these alloys have smaller Pt-Pt 
neighbour distances. They also found that the heat-treatment temperature and 
thereby the degree of alloying determined the Pt-Pt nearest-neighbour distance of 
the synthesized alloys. 
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Figure 13.3. The relationship between the Pt-Pt nearest neighbour distance and specific 
activity [21]. (Reproduced from Electrochimica Acta, 45, Min M, Cho J, Cho K, Kim H. 
Particle size and alloying effects of Pt-based alloy catalysts for fuel cell applications. 4211— 
17, with permission from Elsevier.) 
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13.2.2.2 The OH a j s Inhibition Effect 

Generally, surface adsorbed oxygen species like OH or OOH are believed to be the 
reaction intermediates in the ORR. According to the classic catalytic volcano plot, 
the maximum reaction rate can be achieved when the surface adsorbed oxygen 
species are sufficiently and strongly bound to the surface to loosen the 0-0 bonds, 
but are sufficiently and weakly bound to the surface after electron transfer to allow 
desorption for product formation [22]. However, it was found that the ORR 
proceeded more slowly at a given potential on an oxidized Pt surface than on a 
bare Pt surface [23]. The majority of surface oxygen species (surface hydroxide or 
oxide) are considered to be poisoning species rather than intermediates, and the 
concentration of unpoisoned sites controls the reaction rate. Therefore, surface 
adsorbed OH on Pt could be an intermediate as well as a poisoning species in the 
ORR. Pt alloys were found to be able to inhibit the formation of 0H ads on Pt and 
thereby enhance the catalytic activity of the ORR. Mukerjee et al. [5] found that 
the onset potential of 0H ads , which is known to typically occur above 0.8 V on 
Pt/C, shifted to more positive potentials for some Pt alloys. Depending on the 
alloying elements, the onset potential could be lowered by ~60 mV. In addition, for 
some surface-enriched Pt-skin or skeletal structure alloys, the higher ORR activity 
achieved was also attributed to weaker Pt-OH ads in the electronically modified Pt 
skin [14]. 

13.2.2.3 The Electronic Effect 

The electronic effect associated with d -band vacancies also plays an important role 
in the enhancement of ORR activity on Pt alloys. Mukerjee et al. [5] investigated 
several Pt alloys (Pt-M: M = Fe, Co, Ni, Mn, Cr) with a focus on the fundamental 
aspects of electronic (c/-band vacancy/atom) structure and short-range atomic order 
by both in situ XANES (X-ray absorption near edge structure) and EXAFS 
(extended X-ray absoiption fine structure). It was found that alloying of Pt with 
some transition metal elements, which give rise to sharing of Pt d-electrons with 
the unfilled d-orbitals of the base metals, increased the Pt d -band vacancy. The 
extent of the increase was dependent on the electro-negativity of the transition 
element. Correlation of the ORR activity using a current density at 0.9 V with the 
d -band vacancy and the Pt-Pt bond distance showed a familiar volcano-type 
behavior for various binaiy Pt alloys, among which the Pt-Cr/C alloy was the most 
active catalyst. The change in electronic structure due to alloying was also thought 
to be the cause of the lattice contraction and the change in surface adsoiption 
properties of the Pt alloys. Stamenkovic et al. [16] also studied the fundamental 
relationship between the experimentally determined surface electronic structure 
(the d -band center) and the ORR activity for Pt 3 M (M = Ni, Co, Fe, Ti, V) 
surfaces. They found that the relationship exhibited a volcano-type behavior, with 
Pt 3 Co having the highest activity, as shown in Figure 13.4. This behavior was 
attributed to the electronic structure-induced surface adsorption properties of Pt 
alloys. As they discussed, for a better ORR catalyst, the Pt alloy should 
counterbalance two opposing effects: the relatively strong adsorption energy of O 2 
and the reaction intermediates (0 2 ,0 2 2 , H 2 0 2 , and so on), and the relatively low 
coverage by surface oxygen species, specifically adsorbed anions. For example, as 
in the case of Pt, if a metal surface binds oxygen, oxides, or anions too strongly. 
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the d -band center will be too close to the Fermi level and the ORR rate will be 
limited by the availability of OH at ) S -free or anion-free Pt sites. On the other hand, 
when the d -band center is too far from the Fermi level, as in the case of Pt 3 V and 
Pt,Ti, the surface will be less covered by OH ads or anions, but the adsorption 
energy of 0 2 and the intermediates will be too low to enable a high turnover rate in 
the ORR. The resulting volcano-type trend, therefore, can be understood by the 
Sabatier principle: if the catalyst binds oxygen too strongly, the ORR rate will be 
limited by the rate of surface oxide and anion removal; if the catalyst binds oxygen 
too weakly, the ORR rate will be limited by the rate of electron and proton transfer 
to adsorbed 0 2 . 



cc 


Figure 13.4. Relationships between the catalytic properties and electronic structure of Pt 3 M 
alloys [16]. (Reprinted by pennission from Macmillan Publishers Ltd: Nature Materials, 
Stamenkovic VR, Fowler B, Mun BS, Wang G, Ross PN, Lucas CA, et al. Trends in 
electrocatalysis on extended and nanoscale Pt-bimetallic alloy surfaces. Nat Mater 
2007;6:241-7, copyright 2006.) 

In practice, these effects do not exist alone in a Pt-based alloy system. They are 
often correlated to each other or synergize the alloying effect on the catalytic ORR 
activity. For example, the surprisingly high activity of the Pt ,N i( 111) skin surface, 
which was recently reported to be 90 times more active than the current state-of- 
the-art Pt/C catalyst, was attributed to the synergy of the surface geometry, 
electronic structure, and surface adsorption [17]. In terms of surface structure, as 
shown in Figure 13.5(A), the first atomic layer was composed entirely of Pt in the 
near-surface region of Pt 3 Ni(l 11), whereas the second layer was Ni-rich (52% Ni 
as compared to 25% Ni in the bulk), and the third layer was Pt-enriched (87%). 
The surface electronic structure of Pt 3 Ni( 111) was thus different from that of 
Pt(lll), in that the <7-band center was downshifted from -2.76 eV on Pt(lll) to - 
3.10 eV on Pt 3 Ni(111). The Ni-induced modification of the Pt-skin electronic 
structure could result in contraction of the Pt surface atoms as well as a decrease in 
the surface coverage of the adsorbing species. As shown in Figure 13.5(B) and (C), 
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a dramatic negative shift (—150 mV) in H U pd formation and a positive shift (~100 
mV) in OH a[ j formation occurred on the Pt 3 Ni( 111) skin, and the fractional 
coverage by H up d and OH ad were dramatically reduced by 50% relative to Pt(lll). 
The less adsorbed species (OH ad ) on Pt could reduce the inhibitory (site-blocking) 
effect on O 2 adsorption. All of these effects eventually led to a 100 mV positive 
shift of the Pt 3 Ni(111) catalyzed half-potential in the ORR polarization curve as 
compared with the results for Pt(111). 
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Figure 13.5. In situ characterization of Pt 3 Ni(111) surface in HCIO 4 (0.1 M) at 333 K. (A) 
SXS data and (A’) concentration profile revealed from SXS measurements. (B) Cyclic 
voltammogram in designated potential region as compared to that obtained from Pt(lll) 
surface. (C) Surface coverage calculated from cyclic voltammograms of Pt 3 Ni( 111) and 
Pt(lll). (D) Green scale refers to hydrogen peroxide production in designated potential 
region and (E) ORR currents measured on Pt 3 Ni(111), Pt(lll), and polycrystalline Pt 
surfaces. The arrows show the positive potential shift of 100 mV in electrode half-potential 
(DEI 12) between ORR polarization curves measured on Pt polycrystalline and Pt 3 Ni(111) 
surfaces. I, II, and III represent the potential region of Hapd adsorption/desorption processes, 
the double-layer region, and the region of OH ad layer formation [17]. (From Stamenkovic 
VR, Fowler B, Mun BS, Wang G, Ross PN, Lucas CA, et al. Improved oxygen reduction 
activity on Pt 3 Ni(111) via increased surface site availability. Science 2007;315:493-7. 
Reprinted with permission from AAAS.) 
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13 . 2.3 Stability of Pt-based Alloy Cathode Catalysts 

In a recent review on the durability and degradation of PEM fuel cells, 
electrocatalyst stability was primarily ascribed to Pt dissolution under non¬ 
equilibrium conditions as well as Pt particle growth (sintering) during fuel cell 
operation [24]. These issues also remain problematic for Pt-based alloy catalysts, 
whereas the stability of the alloying elements is an extra concern in alloy systems. 
The impact of alloying on the stability of cathode alloy catalysts in a PEM fuel cell 
environment can be considered from two perspectives: negative effects and 
positive effects. 

In terms of the former, the chemical leaching of base metal elements from Pt 
alloys has a detrimental effect on fuel cell performance and results in decreased 
durability. In a PEM fuel cell, one necessary step is proton transfer within the 
membrane and the ionomer in the catalyst layer. The number of ion-exchange sites 
is limited in the membrane (~5 pmol cm-2) and the catalyst layer (~0.5 pmol cm-2) 
[1]. Metal cations from the dissolution of Pt alloys can easily occupy and poison 
these ion-exchange sites because metal cations have a stronger affinity with the 
sulfonic groups than do protons. The occupation of metal cations in the proton sites 
would: i) reduce membrane conductivity (or increase membrane resistance) due to 
dehydration, leading to higher membrane resistance; ii) increase the resistance of 
the catalyst layer due to higher ionomer resistance; iii) decrease oxygen diffusion 
in the ionomer film; and iv) degrade the membrane with some metal cations such 
as Fe, due to the well-known Fenton’s effect. Besides these effects on the 
membrane and the catalyst layer, the chemical leaching of base metal elements 
from Pt alloys can also cause loss of the intrinsic alloying structure and thus a 
positive alloying effect on the catalytic ORR activity. All of these effects resulting 
from chemical leaching will essentially decrease the overall performance and 
accelerate fuel cell degradation. 

As summarized by Gasteiger et al. [1], there are at least three possible causes 
for the leaching of base metals from Pt alloys in a PEM fuel cell environment: i) 
excess base-metal can deposit onto the carbon support during preparation; ii) 
incomplete alloying of the base element to the Pt can occur due to a low alloying 
temperature being applied during alloy synthesis; iii) even a well-alloyed base 
metal may leach out of the surface under PEM fuel cell operating conditions and 
leave a Pt-enriched surface or skin, since base metals are thermodynamically 
unstable under the electrode potentials in acidic electrolytes (even Pt alloys do not 
have high enough heats of mixing to confer stability). Therefore, the stability of Pt 
alloys is strongly related to preparation parameters such as precursors, 
composition, alloying temperature, post-treatment, and so on. This may be why 
various studies in the literature offer different conclusions on the stability of Pt 
alloys. For example, some researchers have emphasized that the stability of Pt 
alloys depends on the type of base metals. However, Antolini et al. [25] thought 
that the degree of alloying is the key factor in stability. They found that Cr and Co 
presented a higher degree of alloying with Pt than V, Ni, and Fe, resulting in Pt-Cr 
and Pt-Co catalysts having higher stability than Pt-V, Pt-Ni, and Pt-Fe. 

Analysis of leaching causes has indicated that post-treatment of the alloy in 
acid media after preparation could mitigate the leaching effect on the stability of Pt 
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alloys. Gasteiger et al. [1] investigated the durability of Pt/C and pre-leaching Pt- 
Co/C-based MEAs in a short fuel cell stack. They observed that an enhancement or 
performance offset of 15-25 mV between the Pt/C and the pre-leaching Pt-Co/C 
could be maintained throughout 1000 hours of stack operation, within the limits of 
error. The degradation rates of the Pt/C and the pre-leaching Pt-Co/C MEAs were 
comparable, at about 50 and 60 pV h-1. The performance loss was attributed to the 
catalysts’ stability because no membrane degradation was observed in their 
lifetime tests (Figure 13.6). With respect to the effect of pre-leaching on ORR 
activity, Watanabe et al. [26] found that the dissolution of base metals (Fe, Co, or 
Ni) from the surface of a Pt alloy at room temperature gave rise to a Pt skin within 
a few monolayers of the alloy surface, modifying the electronic structure and 
making it favorable to the ORR. However, when the temperature was raised above 
60 °C, the ORR activity decreased due to excessive dissolution of base metals from 
the alloys. 



Figure 13.6. Durability of Pt/C and Pt x Coi_ x /C-based MEAs tested in a short stack (active 
area = 465 cm 2 ) under H 2 -air at a cell temperature of 80 °C and total reactant pressures of 
150 kPa a b s , with both anode and cathode humidities at 100% and anode and cathode reactant 
stoichiometries of s = 2/2. Data are shown with the stack under a constant load of 0.20 
A/cm 2 over 1000 h. Data were averaged over four cells of each type of MEA [1], (Reprinted 
from Applied Catalysis B: Environmental, 56, Gasteiger HA, Kocha SS, Sompalli 
B, Wagner FT. Activity benchmarks and requirements for Pt, Pt-alloy, and non-Pt oxygen 
reduction catalysts for PEMFCs, 9-35, 2005, with permission from Elsevier.) 

With respect to the positive effects of Pt alloying, some improvement in 
catalyst stability and fuel cell durability have also been observed. Several studies 
[1, 27-29] have demonstrated that alloy particles have better resistance to sintering 
than pure platinum particles. The sintering effect may be attributed to base metals 
hindering Pt mobility on carbon, as well as Pt alloy particles usually being larger 
than Pt alone. Yu et al. [30] found that some platinum alloy catalysts, particularly 
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those containing cobalt, showed remarkably improved stability in a dynamic fuel 
cell environment relative to unalloyed platinum. The Pt-Co/C catalyst displayed 
significant improvements in stability after a protocol of square-wave potential 
cycling between 0.87 and 1.2 V. The overall performance loss over 2400 cycles of 
the Pt-Co/C-based MEA was less than that of the Pt/C-based MEA. Although 
leaching of cobalt was observed through all the cycles, the loss of electrochemical 
area for the Pt-Co/C-based MEA was much less than that for the Pt/C-based MEA. 
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Figure 13.7. Polarization curves for 0 2 reduction reaction on Au/Pt/C (A) and Pt/C (C) 
catalysts on a rotating disk electrode, before and after 30,000 potential cycles. Sweep rate: 
10 mV/s; rotation rate: 1600 rpm. Voltammetric curves for Au/Pt/C (B) and Pt/C (D) 
catalysts before and after 30,000 cycles; sweep rates: 50 and 20 mV/s, respectively. The 
potential cycles were from 0.6 to 1.1 V in an CL-saturated 0.1 M HCIO 4 solution at room 
temperature. For all electrodes, the Pt loading was 1.95 mg (or 10 nmol) on a 0.164 cm 2 
glassy carbon rotating disk electrode. The shaded area in (D) indicates the lost Pt surface 
area [31]. (From Zhang J, Sasaki K, Sutter E, Adzic RR. Stabilization of platinum oxygen- 
reduction electrocatalysts using gold clusters. Science 2007;315:220-2. Reprinted with 
permission from AAAS.) 

Alloying also positively affects the stability of Pt catalysts because the base 
metals suppress Pt dissolution. It is known that Pt dissolution is one of the major 
causes in loss of fuel cell performance, especially under potential cycling regimes. 
Recently, Zhang et al. [31] reported that the modification of Pt nanoparticles using 
gold (Au) clusters could significantly impede Pt dissolution. This stabilizing effect 
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was validated in an accelerated stability test by continuously applying linear 
potential sweeps between 0.6-1.1 V. It is expected that in this potential range, Pt 
surface oxidation/reduction cycles occur that involve the formation of PtOH and 
PtO, causing the dissolution of Pt via the Pt 21 oxidation state. The results showed 
that after 30,000 cycles, the Au/Pt/C catalyst had only a 5 mV degradation in half¬ 
wave potential, with almost no loss of Pt surface area being observed. However, 
the Pt/C catalyst had a loss of 39 mV in half-wave potential and only ~55% of the 
original Pt surface area remained (Figure 13.7). Results from in situ X-ray 
absorption near edge spectroscopy (XANES) revealed that the oxidation of Pt 
nanoparticles modified by Au clusters required much higher potentials than that 
required for unmodified Pt nanoparticles. The higher Pt oxidation potential of the 
Au/Pt/C electrocatalyst was thus identified as the major mechanism for the 
stabilization effect of Au clusters. The shift of Pt oxidation potential was further 
correlated to the fact that the surface alloying of Au with Pt would modify the Pt 
electronic structure towards a lower Pt surface energy, or lower-lying Pt c/-band 
states. 


13.3 Pt-based Alloy Catalysts for DMFC Anodes 

13.3.1 The Alloying Effect on Anode Catalyst Activity 

Due to the facile poisoning effect of CO on Pt, many Pt-based binary alloys, such 
as Pt-Ru, Pt-Os, Pt-Sn, Pt-W, Pt-Mo, and so on, have been investigated as 
electrocatalysts for the methanol oxidation reaction (MOR) on the DMFC anode. 
Among them, the Pt-Ru alloy has been found to be the most active binary alloy 
catalyst, and is commonly used in state-of-the-art DMFCs [32]. 

Studies of the Pt-Ru alloy as an electrocatalyst for the MOR date from the 
1960s when some Pt alloys, such as binary Pt-Ru and Pt-Mo, were found to have a 
better catalytic MOR activity than pure Pt black in 1 M H 2 S0 4 [33], The early 
studies mainly focused on bulk Pt alloys. In 1987, Watanabe et al. [34] reported the 
preparation of highly dispersed Pt-Ru alloy on carbon support in order to increase 
the metal catalyst surface area. Since then, in an effort to further maximize the 
activity of Pt-Ru catalyst, the optimization of carbon-supported Pt-Ru catalyst 
through preparation procedures became the subject of numerous studies, as 
reviewed in [2]. The catalytic activity of Pt-Ru/C catalyst, correlated to the 
properties of both alloy and support, strongly depends on the choice of the 
precursors, the deposition techniques, the supports, the electrode fabrication 
techniques, and so forth. The common criteria for a high-performance Pt-Ru/C 
catalyst are: i) a narrow nanoscale size distribution; ii) a uniform composition 
throughout the nanoparticles; iii) a fully alloyed degree; and iv) high dispersion on 
the carbon support. According to these criteria, some innovative and cost-effective 
preparation techniques, such as the glycol colloidal method and the spray pyrolysis 
method, have been developed and show promise for performance optimization 
through controlling synthetic procedures and conditions. Some new carbon 
materials, such as nano- and meso-structured carbons, have been demonstrated to 
be feasible as catalyst supports for enhancing the performance of Pt-Ru/C catalysts. 
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With a combination of advanced preparation methods and carbon supports, the 
currently used Pt-Ru/C catalysts could drive a state-of-the-art DMFC single cell 
with current densities of 200-600 mA cm 2 at a cell voltage of 400 mV, depending 
on the operating conditions. For example, Guo et al. [35] recently reported that a 
current density of 540 mA cnT 2 at 400 mV was observed in a Pt-Ru/C catalyzed 
DMFC with a Pt loading of 1.33 mg cm 2 , operating at 90 °C, as shown in Figure 
13.8. 
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Figure 13.8. DMFC polarization (a and c) and power density (b and d) curves of various 
catalysts at 75 °C (a and b) and 90 °C (c and d), respectively. Methanol concentration at the 
anode: 1 mol L 1 with a flow rate of 1.0 mL min oxygen at cathode: non-humidified 
oxygen at a pressure of 0.2 MPa with a flow rate of 200 seem. Except for Pt-Ru black and 
Pt-Ru black (JM) with a Pt loading of 2.66 mg cm 2 , the Pt loading of other anode catalysts 
is 1.33 mg cm 2 . 40 wt% Pt/XC72 (Johnson Matthey) used as the cathode catalyst with a Pt 
loading of 1.4 mg cm 2 [35], (Reprinted from Journal of Power Sources, 168, Guo J, Sun G, 
Sun S, Yan S, Yang W, Qi J, et al. Polyol-synthesized PtRu/C and PtRu black for direct 
methanol fuel cells, 299-306, 2007, with permission from Elsevier.) 


Flowever, the power density of a DMFC using the state-of-the-art Pt-Ru/C 
anode catalyst is still a factor of ~10 lower than that of a hydrogen-fuelled PEM 
fuel cell if the same noble metal loading is used. The efficiency of DMFCs 
operating on Pt-Ru alloy catalysts may yet be insufficient for practical application. 
Thus, much investigation has been done to improve the performance of the Pt-Ru 
binary catalysts by the incorporation of a third metal, such as W, Mo, Co, Ni, V, 
Pd, Rh, Sn, Os, or Ir. Some of these ternary Pt-Ru-M alloy catalysts show 
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enhancement in their catalytic activity towards the MOR, as recently reviewed by 
Antolini [36, 37]. For example, Ley et al. [38] studied the effect of the element Os 
on the MOR activity catalyzed by the Pt-Ru-Os bulk alloy. Figure 13.9 shows the 
DMFC performance curves obtained with Pt, Pt-Ru (1:1), and Pt-Ru-Os (65:25:10) 
as anode catalysts. The open circuit voltages of the DMFC catalyzed by alloys 
were -200 mV higher than that catalyzed by pure Pt, suggesting that the Pt catalyst 
was poisoned more extensively at open circuit voltage than were the alloy 
catalysts. Under load, the Pt-Ru-Os alloy-based DMFC also had superior 
performance to the Pt-Ru alloy-based cell. For example, at a cell voltage of 0.4 V, 
the Pt-Ru-Os catalyzed cell gave a current density of 340 mA cnf 2 , while for the 
Pt-Ru catalyzed cell only 260 mA cnf 2 could be observed. Gotz et al. [39, 40] 
investigated the catalytic activity of several carbon-supported ternary alloys 
towards methanol oxidation, and found the activity was in the order of Pt-Ru-W/C 
> Pt-Ru-Mo/C > Pt-Ru/C > Pt-Ru-Sn/C. In a single-cell test operated at 95 °C (1 M 
methanol and 0.4 mg cnf 2 Pt), the Pt-Ru-W/C catalyst showed a 40% increase in 
current density at a cell voltage of 0.4 V as compared with the standard Pt-Ru/C 
catalyst. 



Figure 13.9. Liquid-feed DMFC polarization curves at 90 °C: (a) Pt, (b) Pt-Ru (1:1), and (c) 
Pt-Ru-Os (65:25:10). Methanol (0.5 M) was delivered to the anode at a flow rate of 25 
ml/min with ambient backpressure. The oxidant was 10 psig dry Ot with a flow rate of 400 
ml/min [38], (Reproduced by permission of ECS—The Electrochemical Society, from Ley 
KL, Liu R, Pu C, Fan Q, Leyarovska N, Segre C, et al. Methanol oxidation on single-phase 
Pt-Ru-Os ternary alloys.) 

In addition, quaternary Pt-Ru-based alloys were also investigated as methanol 
oxidation catalysts for further improving the anode performance in DMFCs. Some 
of the quaternary alloys, such as Pt-Ru-W-Sn [41], Pt-Ru-Os-Ir [42], Pt-Ru-W-Mo 
[43], Pt-Ru-Ni-Zr [44], and Pt-Ru-Ir-Sn [45], have been demonstrated to be more 
active than the state-of-the-art Pt-Ru catalyst towards the MOR. Due to a huge 




646 H. Liu, D. Xia and J. Zhang 


number of possible alloy compositions for ternary and quaternary alloys, 
combinatorial and high throughput screening methods have been adapted to 
discover and optimize the potential superior alloy catalysts (for more information, 
see Chapter 12, “Combinatorial Methods for PEM Fuel Cell Electrocatalysts”). 

13.3.2 Mechanism of the Alloying Effect on Anode Catalysts 

It is known that the electrochemical oxidation of methanol on Pt involves several 
intermediate steps, such as dehydrogenation, CO-like species chemisorption, OH 
species adsorption, chemical interaction between adsorbed CO and OH 
compounds, as well as C0 2 evolution. The overall oxidation process of methanol to 
carbon dioxide proceeds through a six-electron transfer process [46]: 


Pt + CH 3 OH -> Pt(CO) ads + 4H + + 4e~ 

(13.1) 

Pt + H 2 0 -> Pt(OH) ads + FT + c 

(13.2) 

Pt(CO) ads + Pt(OH) ads — C0 2 + 2Pt + H + + e“ 

(13.3) 


On a pure Pt surface, all Pt sites are involved in the steps of methanol 
dehydrogenation, chemisorption of methanol residues (such as CO), and the 
dissociative chemisorption of water. The strongly adsorbed CO can gradually 
occupy all the Pt active sites, resulting in Pt poisoning. In order to remove through 
Reaction 13.3 the Pt(CO)ads species produced in Reaction (13.1), the production 
of Pt(OH)ads in Reaction 13.2 becomes critical. Unfortunately, because the 
electrochemical potential of Reaction 13.2 is as high as 0.7 V vs. RHE, the 
formation of Pt(OH)ads becomes a problem. Developing a catalyst that can easily 
form M(OH)ads species at a low electrode potential for use in Reaction 13.3 is one 
of the key approaches. Therefore, a more active catalyst than Pt for methanol 
oxidation should result in water discharging to form M(OH)ads species at low 
potentials and then to weaken CO chemisorption or catalyze the oxidation of 
adsorbed CO. This is the basic principle of designing and developing Pt alloy 
catalysts for the methanol oxidation reaction. 

Much work has been put into discovering the mechanism of the promoting 
effect of the alloying elements (such as Ru, Sn, W, etc.) on the activity of Pt 
catalysts towards the MOR. Although the nature of these binary alloys remains 
elusive, three major theories, i.e., the bi-functional effect, the electronic (ligand) 
effect, and the spillover effect, were established to explain the role of the second 
elements on the activity improvement of Pt binary alloys. 

13.3.2.1 The Bi-functional Effect 

Watanabe and Motoo [47] proposed a bi-functional mechanism to elucidate the 
MOR activity enhancement of Ru ad-atoms on Pt catalyst. The bi-functional 
mechanism says that the unique catalytic properties of each element in the alloy 
combine in a synergetic fashion to yield an alloy surface that is more active than 
each element alone. For the MOR on a Pt-Ru catalyst, the chemisorption of 
methanol on Ru sites is significantly less favored than on Pt sites, while the 
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chemisorption of oxygenated species happens much more easily on Ru sites rather 
than Pt sites. Water dissociation occurs on Ru sites with the formation of 
Ru(OH) ai i s species at a potential as low as 0.2 V vs. RHE, while methanol 
dehydrogenation occurs on Pt sites at a potential below 0.2 V vs. RHE. The 
adsorbed OH groups on Ru sites then combine with the adsorbed methanolic 
residues on the neighbouring Pt sites to produce carbon dioxide. 

Ru + H 2 0 Ru(OH) ads + H + + e” (13.4) 

Pt(CO) ads + Ru(OH) ads -> C0 2 + Pt + Ru + H + + e“ (13.5) 

The bi-functional mechanism, although simple, can explain very well the 
promoted MOR activity of Pt-Ru alloy catalysts. This mechanism is also well 
adapted by other binaiy alloys such as Pt-Sn [48]. It has been identified that CO 
does not bind to the Sn sites, with the result that OH can more easily adsorb on the 
Sn sites without competition from CO. The synergetic effect on Pt and Sn sites 
gives rise to Pt-Sn, a very active CO electrooxidation catalyst. However, the strong 
adsorption of OH species on Sn sites, particularly at high potentials, makes the Pt- 
Sn catalyst inferior to the Pt-Ru catalyst for the methanol oxidation reaction. 

Because the reaction steps, in particular the chemisoiption of methanol on Pt 
sites, are temperature dependent, the bi-functional effect of Pt-Ru alloy shows an 
interesting correlation with the alloy composition. At low temperatures, adsorption 
of methanol on Pt requires an ensemble of three neighbouring Pt atoms, so the 
dehydrogenation of methanol on the Pt sites is the rate determining step. Thus, 
electrocatalysts with a good portion of arrangements of three neighbour Pt sites 
should have higher electrochemical activities. Gasteiger et al. [49] observed that 
methanol oxidation occurred more readily at room temperature on pure Pt-Ru 
alloys that had low Ru content (~10%), whereas at intermediate temperatures (60 
°C) the reaction was faster on alloys with greater Ru content (~33%). However, at 
higher temperatures, the rate determining steps were the formation of OH groups 
through water dissociation on Ru sites, and the chemical interaction between 
adsorbed methanolic residues and these OH groups. The optimal Ru content can be 
determined by relevant synergism contributed from a favorable Pt-Ru surface with 
50% atomic Ru, maximizing the production of OH coverage as well as improving 
the intrinsic rate constant. 

13.3.2.2 The Electronic Effect 

The second mechanism is the electronic (or ligand) effect. It says that the 
additional element can modify the Pt surface electronically [50]. Chemisorption of 
CO on Pt involves the donation of an electron pair from the c* anti-bonding orbital 
of CO to the unfilled 5c/-orbitals of Pt. A back donation of electrons from the Pt 
metal to the CO-orbitals further stabilizes their interaction. X-ray absoiption 
spectroscopy studies [51] showed that alloying Sn with Pt caused partial filling of 
the Pt 5c/-bands, resulting in a weaker chemisoiption of CO. Combined with the 
easier adsorption of OH species on the Sn sites at low electrochemical potentials, 
the Pt-Sn alloy would enhance CO electrooxidation, and thus promote the 



648 H. Liu, D. Xia and J. Zhang 


methanol oxidation reaction. However, due to the strong adsorption of OH species 
on Sn sites, Pt-Sn alloy shows less MOR activity at high potentials. 

In contrast, Pt alloying with Ru can produce more Pt d -band vacancies, 
resulting in an increase in Pt-CO bond strength that would retard the methanol 
oxidation reaction [52]. However, this result has been challenged by other 
investigations. Iwasita et al. [53] observed a reduction in CO coverage on the 
electrode and an increase in the absorption frequency of the bound CO, in their 
FTIR experiments with Pt-Ru alloy. These results were attributed to the electronic 
effect of Ru on Pt, and consistent with the expectation that CO is less strongly 
adsorbed through a reduction in the back n bonding from Pt to the CO n* orbital. 
The reduction in n back-bonding will also lead to a higher positive charge on the 
carbon atom, rendering it more liable to nucleophilic attack by water, and 
permitting CO oxidation at lower potentials. Lu et al. [54] applied cyclic 
voltammetry (CV), temperature programmed desorption (TPD), electrochemical 
nuclear magnetic resonance (NMR), as well as radioactive labeling to probe the 
origin of the effect of ruthenium enhancement, through depositing Ru on a Pt 
electrode surface. They found that the changes in the bond energy of CO due to the 
ligand effect played only a minor role in enhancing CO tolerance. Instead, the main 
effect of ruthenium was to activate water to form OH. Quantitative estimation 
based on the TPD data indicated that the bi-functional effect was about 4 times 
larger than the ligand effect. More recently, Yang et al. [55] employed in situ 
surface-enhanced Raman spectroscopy (SERS) to investigate the electronic effect 
of Ru on the Pt-Ru MOR catalyst. They reported that the addition of Ru to Pt 
surfaces did not change the Pt-CO stretching frequency, suggesting that Ru has no 
significant electronic effect on Pt. 

Apparently, controversy remains over the electronic effect of the Pt-Ru alloy. 
As Arico et al. [32] suggested, the electronic effect may be prominent for Pt-Sn 
catalysts and the bi-functional effect for Pt-Ru catalysts. 

13.3.2.3 The Spillover Effect 

The spillover effect was originally proposed for the improvement of hydrogen 
oxidation on Pt-W 03 catalyst [56]. Shen et al. [57] adapted a similar mechanism to 
elucidate the enhancement of catalytic activity towards the MOR on Pt-W0 3 . 
During methanol oxidation on Pt-WC >3 catalyst, the adsorbed hydrogen on Pt sites 
easily spills over to W0 3 to form a hydrogen tungsten bronze (H x W0 3 ), thus 
freeing the Pt sites for methanol adsoiption. Furthermore, water can be adsorbed on 
WO 3 at low overpotentials and may interact with CO adsorbed on Pt sites, thus 
facilitating methanol oxidation in a way similar to the bi-functional effect. A 
similar OH spillover effect was also suggested to explain MOR enhancement on 
Pt-Ru and Pt-Sn catalysts. Davies et al. [58] and Stamenkovic et al. [59] proposed 
that the OH species formed on Ru or Sn might spillover onto the neighboring Pt 
sites and react there with CO. Energetically, OH is adsorbed much more strongly 
on Sn or Ru than on Pt, but in the presence of water the situation may be different. 
According to Desai and Neurock’s molecular dynamics calculations, an OH 
formed on Ru could easily pick up a hydrogen from a water molecule on a 
neighboring Pt atom, effectively transferring the OH from Ru to Pt [60]. 
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The role of a second element in methanol oxidation on Pt alloy catalysts 
depends on how to lower the potential of water dissociation, to weaken the CO 
chemisoiption, and to directly enhance the electrooxidation of CO on Pt. It is 
obvious that none of the binary alloy catalyst, even the most used Pt-Ru catalyst, 
contains all of the promoting effects simultaneously. The purpose of exploring 
ternaiy and quaternary Pt alloy catalysts is to combine all of the promoting effects 
into one alloy system to maximize the catalytic MOR activity. For example, Kim et 
al. [61] ascribed the enhancement of MOR activity on the Pt-Ru-Sn ternary alloy to 
the synergic effects of Ru as a water activator and Sn as an electronic modifier. 
Samjeske et al. [62] explained the synergic effect of Mo and Ru in the Pt-Ru-Mo 
ternary alloy by the way that Mo can shift the oxidation of weakly adsorbed CO on 
the Ru sites to lower potentials, facilitating the bi-functional effect. 

13.3.3 The Stability of Pt-based Alloy Anode Catalysts 

In general, the degradation of cathode electrocatalysts plays a major role in the 
performance loss of PEM fuel cells, including DMFCs. Pt or Pt-alloy 
electrocatalysts are though to be relatively stable in the fuel cell operation 
environment. However, the stability of Pt alloy anode catalysts, even the well- 
alloyed Pt-Ru catalyst, has a dominant effect on the entire fuel cell performance. 
Zelenay et al. [63, 64] recently discovered a phenomenon, the so-called “Ru 
crossover”, in DMFCs, showing that Ru would dissolve from the anode Pt-Ru 
catalyst, migrate through the membrane, and re-deposit at the cathode. This Ru 
crossover would cause a performance loss through inhibiting or contaminating the 
oxygen reduction kinetics at the cathode, as well as degrading the membrane. The 
authors also found that Ru crossover could lead to significant Ru accumulation (up 
to 9 at%) in the cathode catalyst layer. As a result, a ~40 mV performance loss at 
normal DMFC operating conditions and over 200 mV loss under extreme 
conditions such as cell reversal operation were observed due to Ru crossover 
(Figure 13.10). Other work also observed a similar phenomenon of Ru crossover in 
studies of durability, degradation, and failure mechanisms in DMFCs [65-69]. The 
degree of ruthenium dissolution depends on the fuel cell operation conditions, such 
as anode potential and operating time. As seen in a Pourbaix diagram, metallic 
ruthenium is thermodynamically stable under normal DMFC operation conditions. 
The ruthenium dissolution was attributed to the presence of hydrous RuCT phase in 
the Pt-Ru catalyst, which can be leached out during operation. In some abnormal 
operations, such as over-discharging and cell reversal, ruthenium would dissolve 
from the alloy at high anode potentials (over 0.8 V vs. RHE) through reaction with 
water. The final chemical form was detected as ruthenium oxide. In order to 
eliminate the negative effect of Ru crossover, several approaches have been 
developed, including partial dissolution of ruthenium from the contaminated 
cathode via potential cycling, selective removal of mobile ruthenium from the 
anode, and pre-leaching of the loose ruthenium phase in acid. 
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Figure 13.10. DMFC performance losses caused by average (left) and extreme (right) 
contamination of the cathode by ruthenium crossover. The polarization plot for a DMFC 
with a Pt-Ru cathode, instead of a Pt cathode, is shown for reference in the left-hand graph. 
Cell temperature: 75 °C [64], (Reproduced by permission of ECS—The Electrochemical 
Society, from Zelenay P. Performance durability of direct methanol fuel cells.) 


13.4 Concluding Remarks 

Pt-based alloys have been developed for many years to improve the catalytic 
activity of the oxygen reduction reaction and the methanol oxidation reaction, and 
reduce Pt loading in the catalyst layers of the PEM fuel cell cathode and anode. 
Great progress has been made in recent years in terms of alloy activity screening, 
alloy mechanism discovery, and alloy stability investigation. 

For Pt-based alloy catalysts of the ORR at the cathode, some Pt alloy 
formulations could display specific activity 2-4 times higher than pure Pt catalyst 
in both simulated and real PEMFC environments. The reported Pt 3 Ni( 111) skin 
surface catalyst even showed 90-fold activity enhancement versus the state-of-the- 
art Pt/C catalyst, although the synthesis of such a nanoparticle catalyst is still 
challengeable and the activity enhancement needs to be validated in a real PEM 
fuel cell. Thanks to advanced characterization technologies, the mechanism of the 
alloying effect on the ORR has been investigated at molecular and atomic levels to 
reveal alloying element modification to the adsorption and dissociation of oxygen 
on the Pt surface. Understanding of the stability of Pt-based alloys has also been 
deepened and significantly improved. Even though some promising catalysts have 
been invented with respect to achieving the activity target for commercialization, 
further development of Pt-based alloy catalysts with high surface area and long 
stability is still necessary in the future. 

With respect to Pt-based alloy catalysts for the MOR at the anode, Pt-Ru/C 
remains the best anode catalyst for DMFCs. Much work has been involved in 
optimizing the preparation, composition, and structure of the Pt-Ru alloy catalyst 
to maximize its activity. The alloying effects on the MOR have been explored in 
terms of the bi-functional, electronic, and spillover effects, although some 
controversy remains. With respect to catalyst stability, the ruthenium 
dissolution/crossover issue has been identified. Ternary and quaternary Pt alloy 
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catalysts need to be explored for further enhancement of the methanol oxidation 
reaction. Based on current work on ternary and quaternary alloy catalysts, more 
efforts should be put into understanding the alloying effects of the third and fourth 
elements, screening the appropriate composition of such complex systems, and 
addressing the effect of the extra elements on catalyst stability. It seems that the 
performance and cost of Pt-Ru/C-based DMFCs are still challenges for 
commercialization. Catalyst activity improvement remains the first task in 
developing future Pt-based alloy catalysts for the MOR. 
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14.1 Introduction 

14.1.1 The Importance of Combining Nanotechnology and Clean Energy 

The use of nanotechnology towards improving clean energy solutions is very 
important. There is a growing awareness that nanotechnology will have a profound 
impact on energy generation, storage, and utilization by understanding the 
significant differences of energy states and transport in nanostructures compared to 
macrostructures. Nanotechnology-based solutions are being developed for a wide 
range of energy solutions such as solar cells, hydrogen generation and storage, 
batteries, and fuel cells. 

Energy shortages and environmental pollution are serious challenges that 
humanity is starting to face. The world demand for energy is expected to double 
from 14 terawatts (TW) in the year 2000 to 28 TW by the year 2050. Fuel cells are 
non-polluting and efficient energy conversion devices that are expected to play a 
dominant role in energy solutions of the future. However, fuel cells still face 
significant technological roadblocks that need to be overcome before they will 
become economically viable. One of the biggest challenges towards the 
commercialization of fuel cells is their low stability and the high cost of materials. 

Many scientists see research in advanced nanotechnology and nanomaterials as 
an opportunity to address our significant energy and environmental challenges 
(e.g., see the article by R. Smalley, a winner of the Nobel Prize, in the June issue of 
MRS Bulletin in 2005). Nanomaterials have attracted great interest in recent years 
because of their unusual catalytic, mechanical, electrical and optical properties, all 
of which are obtained by confining their dimensions. For example, gold in bulk 
form is not chemically active, but at the nanoscale, a gold particle 3 nm in size is 
highly chemically active. Gold nanoparticles used as catalysts are therefore 
considered promising in chemical reactions such as the oxidation of CO. Further, 
gold nanowires are 100 times stronger than bulk gold because nanowires have 
fewer defects. Nanowires will be discussed in more detail later in the chapter. 
Among the advanced nanomaterials, nanotubes and nanowires are a class of novel 
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nanostructures that have attracted much attention as model systems for nanoscience 
and for various potential applications, including those related to composite 
materials, electrode materials, field emitters, nanoelectronics, and nanoscale 
sensors. 

14.1.2 One-dimensional Nanomaterials Based New Catalyst Supports 

Among the various types of fuel cells, proton exchange membrane (PEM) fuel 
cells offer several advantages including rapid start-up and shut-down, higher 
powder density, and all solid state components. However, a major challenge to the 
commercialization of PEM fuel cells is the high cost of the materials and the low 
stability of the electrodes, commonly referred to as the membrane electrode 
assembly (MEA). The PEM fuel cell MEA utilizes precious metal catalysts (such 
as Pt or Pt alloys) dispersed on carbon black substrate. These catalysts are 
estimated to contribute to as much as 50% of the total fuel cell cost. In a recent 
scientific review article by General Motors researchers [ 1 ], it was emphasized that 
the current state of the art platinum loading (~ 0.4 mg/cm 2 ) of PEM fuel cell 
electrodes must be reduced to levels lower than 0.1 mg/cm 2 to meet the target for 
commercialization. 

It is well known that the activity of a catalyst depends significantly on the size 
of the Pt particles and their dispersion pattern over the support structures [2]. It has 
been found that the optimal dispersion pattern and Pt particle size can be obtained 
by using an appropriate preparation procedure on an ideal supporting material [3]. 
The ideal support should have the following structure and properties: (i) high 
surface area and good electrical properties, (ii) reactant gas access to the 
electrocatalysts, and (iii) high electrochemical stability under fuel cell operating 
conditions [4, 5]. Usually, carbon black supported Pt electrocatalysts are used as 
the electrode catalyst in PEM fuel cells [6]. Despite the high surface area of the 
carbon black particles, the carbon black-based electrocatalyst support have two 
main problems: (i) due to its dense structure, the carbon black-based support has 
significant mass transfer limitations, leading to a very low Pt utilization [4]; (ii) 
carbon black is known to undergo electrochemical oxidation into surface oxides as 
well as C0 2 at the cathode in the fuel cell. These oxides are subjected to low pH, 
high potential, high humidity, and high temperatures (~80 °C). As carbon black 
corrodes, noble metal nanoparticles (e.g., Pt) on carbon black will detach from the 
electrode and possibly aggregate to larger particles, resulting in Pt surface area 
loss, which subsequently lowers the performance of PEM fuel cells [7-9]. 
Therefore, many efforts have been made to search for new catalyst supports [10]. 

This chapter begins by briefly describing the processing techniques used to 
synthesize the nanostructures including carbon nanotubes, carbon nanoftbers and 
nanowires. Next, the methods by which Pt nanoparticles can be deposited onto the 
nanostructures will be examined along with the surface functionalization of these 
nanostructures. This is followed by a review of fabrication processes of MEA fuel 
cells containing nanostructures. Finally, we give a summary of the stability of the 
nanostrachue-based fuel cell electrodes. 



Nanotubes, Nanofibers and Nanowires as Supports for Catalysts 657 


14.2 Synthesis and Characterization of Carbon Nanotubes, 
Nanofibers and Nanowires 

14.2.1 Structure and Synthesis Methods for Carbon Nanotubes 

14.2.1.1 Introduction 

Carbon nanotubes (CNTs), one of the key elements in the study of nanotechnology, 
are a new class of one-dimensional nanomaterials with unique structures and 
properties that have various potential applications including nanocomposite 
materials, nanoelectrode materials, field emitters, nanoelectronics, and nanoscale 
sensors. Since the discovery of carbon nanotubes by Dr. Iijima in 1991 [11], 
significant progress has been made towards CNTs synthesis, property investigation 
and potential applications. The extraordinary mechanical properties and unique 
electrical properties of CNTs have stimulated extensive research activities 
worldwide. The driving force in the nanotube science and technology field has 
been understanding these properties and exploring their potential applications. 
There have been many special issues of journals [12-14] in addition to several 
books [15-18] documenting nanotechnology. 

CNTs can be classified into singlewalled carbon nanotubes (SWCNTs) and 
multiwalled carbon nanotubes (MWCNT), as shown in Figure 14.1. The structure 
with one cylinder is called a SWCNT. SWCNTs have a relatively smaller diameter, 
as low as 0.4 nm, and could be metallic or semiconducting in nature depending on 
their structure. The SWCNT structure is characterized by a chiral vector ( m,n ): 
armchair (n = m), zigzag (n = 0 or m = 0) or chiral (any other n and m), as shown 
in Figure 14.1(A). All armchair SWNTs are metals; those with n-m = 3k, where k 
is a nonzero integer, are semiconductors with a tiny band gap; and all others are 
semiconductors with a band gap that inversely depends on the nanotube diameter 
[19]. While semiconducting SWCNTs (S-SWCNTs) can be used to build high- 
performance field-effect transistors and sensors, metallic SWCNTs (M-SWCNTs) 
might be useful for interconnects. The structure that contains a concentric set of 
cylinders with a constant interlayer separation of 0.34 nm is called a MWCNT 
(Figure 14.1(B)). MWCNTs have relatively larger diameter, from a few 
nanometers to tens of nanometers and are conducting materials. The electronic 
properties of perfect MWCNTs are rather similar to those of perfect SWCNTs 
because the coupling between the cylinders is weak in MWCNTs. 

As emphasized in Nature news (Nature 432, 2004, 791), CNT quality presents 
a serious problem for the use of nanotubes. The quality of the CNTs obtained from 
various suppliers, and even from the same supplier at different times, is highly 
unreliable. These CNTs can be significantly different in shape and structure, which 
limits the potential applied development of this new class of nanomaterials. 
Therefore, the prominent current challenges include two aspects relevant to CNTs: 
(i) the synthesis and control of their structure, alignment, and pattern and (ii) the 
development of a thorough understanding of their growth mechanisms. 
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Figure 14.1. A. Schematic illustrations of the structures of (a) armchair, (b) zigzag, and (c) 
chiral SWNTs. B. Structure of a multi-walled carbon nanotube made up of three shells of 
differing chirality [160], (From Balasubramanian K, Burghard M. Chemically functionalized 
carbon nanotubes. Small 2005;1:180-92. ©2005 Wiley-VCH Verlag GmbH & Co. KGaA. 
Reproduced with permission.) 

14.2.1.2 Synthesis of Carbon Nanotubes 

From the synthesis point of view, there were two significant findings in the early 
stages of nanotechnology after Iijima first discovered the MWCNTs in 1991. One 
great discovery was the SWCNTs made by Iijima and co-workers [20] in 1993 as 
well as Bethune and co-workers [21]. The other milestone, reached in 1996, was a 
relatively high yield synthesis of SWCNTs, which allowed investigations of 
physical properties to be carried out. Following these discoveries, efforts have been 
made toward high-quality and large scale synthesis of SWCNTs and MWCNTs 
with controlled structure and predictive fashion. Clearly, future development in 
nanotube-based science and technology will rely on the highly controlled synthesis 
of nanotube materials. 

Generally, the synthesis methods of CNTs are arc discharge, laser ablation and 
chemical vapor deposition (CVD). While first two methods use high-energy input 
to release the carbon atoms from carbon-containing precursor molecules, CVD 
relies on carbon atomization via catalytic decomposition of carbon precursors on 
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the surface of transition metal particles. The advantage of the CVD method is such 
that it allows a scaled up production to the industrial level and to produce CNTs in 
a predictive fashion with controlled length, positions, and orientations on the 
substrates. Control over the CNT structure and growth is achieved through a series 
of experimental parameters such as process temperature, gas mixtures, pressure, 
flow rates and catalytic materials used. The CVD methods include various types 
such as general thermal CVD, a floating catalyst CVD, an aerosol-assisted CVD 
and plasma-enhanced CVD (PECVD). 

For SWCNTs, many research groups [22-32] have made many significant 
findings using the thermal CVD method to grow high-quality and highly oriented 
SWCNTs. Recently, one significant advancement is the preferential growth of 
either semiconducting or metallic SWCNTs by PECVD. The challenge in 
synthesizing SWCNTs is the co-existence of semiconducting and metallic 
SWCNTs, which is determined by their diameter and chirality. However, SWCNTs 
can have different properties used for different applications. For example, 
semiconducting SWCNTs may be used for chemical and biological sensors while 
metallic SWCNTs may be used for fuel cell electrodes. Dai and his co-workers 
recently used PECVD to preferentially grow semiconducting SWCNTs [33]. 

Regarding MWCNTs, the floating catalyst CVD (FCCVD) and aerosol-assisted 
CVD (AACVD) are two significant methods to grow high-density and high-quality 
CNTs. The advantages of these two methods are that they are exceptionally cheap 
and well-suited for scaling up to mass production of CNTs with a defined nanotube 
diameter distribution. FCCVD has attracted considerable attention because it 
ensures continuous growth of highly-aligned and highly pure nanotubes, at a low 
reaction temperature, low cost and simple fabrication process. Compared with the 
traditional CVD method, the advantage of using the FCCVD method is to allow the 
catalyst and carbon source to be introduced into the reaction chamber 
simultaneously to produce well-aligned CNTs on the substrates [34]. Figure 
14.2(a) shows a SEM image of high-density MWCNTs grown on a fuel cell 
backing (carbon paper) in Sun’s group. The MWCNTs were synthesized by 
FCCVD using ferrocence as catalyst source and ethylene gas as carbon source at 
800 °C. The MWCNTs totally cover the carbon substrate. 

The AACVD involves pyrolysis of a mixed liquid aerosol, which consists of 
both a liquid hydrocarbon and the catalyst precursor [35]. Ferrocene, cobaltocene, 
cobalt nitrate, nickelocene and iron pentacarbonyl have been used as both catalysts 
and carbon sources. In addition, acetylene, benzene, toluene, xylene, mesitylene 
and tetrahydrofuran are used as solvents for additional carbon sources. Aligned 
MWCNTs products are typically produced by AACVD, but, SWCNTs can be 
obtained in certain instances [36]. Figure 14.2(b) shows SEM image of high- 
density MWCNTs grown on fuel cell backing (carbon paper) by AACVD in Sun’s 
group. Ferrocene and xylene were used as the catalyst and carbon sources to grow 
MWCNTs. The MWCNTs completely covered the carbon paper substrate 
displaying the locally aligned features. 
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(a) 



Figure 14.2. SEM images of MWCNTs grown on fuel cell backing by (a) floating catalyst 
CVD method and (b) aerosol-assisted CVD method. (Insets): TEM images. 
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14.2.2 Structure and Synthesis Methods for Carbon Nanofibers 

The unique properties of carbon nanofibers (CNFs), sometimes called carbon 
filaments or filamentous carbon, have generated intense interest in the application 
of these new carbon materials toward a number of applications including selective 
absorption, energy storage, polymer reinforcement, and catalyst supports [37]. 

There are mainly three types of CNFs including “fishbone or herringbone”, 
“platelet”, and “ribbon” or “tubular” structures, as shown schematically in Figure 
14.3 [38-40], The CNF nanostructures consist of graphite sheets aligned in definite 
directions that are dictated by the catalytic entity selected for the growth process. 
The fishbone or herringbone CNFs (f-CNFs) reveal their graphene layers stacking 
obliquely with respect to the fiber axis. The platelet CNFs have their graphene 
layers being perpendicular to the axis. The ribbon CNFs display their graphene 
layers parallel to the growth axis. These nanofibers were grown via the catalytic 
decomposition of a carbon source over metal catalysts composed of copper, iron, 
nickel, or their bimetallic compounds [41, 42]. Unlike conventional graphite 
materials and nanotubes where the basal plane is exposed, the structure of carbon 
nanofibers is one where only edge regions are revealed. This feature allows CNFs 
to be used as a catalyst support for fuel cells discussed in detail later. 


Fishbone type 
(Herringbone) 



Deck of cards type Parallel type 

(Platelet) (Tubular) 



cross section cross section 


Figure 14.3. Schematic representation of three types of CNFs. (With kind permission from 
Springer Science+Business Media: Journal of Applied Electrochemistry, Progress in the 
synthesis of carbon nanotube- and nanofiber-supported Pt electrocatalysts for PEM fuel cell 
catalysis, 36, 2006, 507-22, Lee K, Zhang J, Wang H, Wilkinson DP, Figure 10, 
©Springer.) 


14.2.3 Structure and Synthesis Methods for Nanowires 

14.2.3.1 Introduction 

Nanowires (NWs), like CNTs, are also one-dimensional and well-defined 
crystalline structure with a high aspect ratio. NWs have demonstrated superior 
electrical, optical, mechanical and thermal properties. Unlike CNTs, NWs are non¬ 
carbon based materials that can consist of metals, semiconductors, or inorganic 
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compounds. The broad choice of various crystalline materials and doping methods 
make the electronic and optical properties of NWs adaptable with a high degree of 
freedom and precision. With the development of new synthesis methods, NWs 
have attracted more and more attention for sensor applications. Nature magazine 
recently predicted that “Nanowires, nanorods, nanowhiskers, it does not matter 
what you call them, they are the hottest properties in nanotechnology” ( Nature , 
419, 553, 2002). As an example, Figure 14.4 shows a collection of various 
nanostructures of ZnO synthesized by thermal evaporation of solid powders [43]. 
There are a few papers [44, 45] and books [46-49] dealing with the synthesis, 
characterization, properties and applications of NWs. A big challenge is to 
integrate NWs into multi-function assemblies in order to fabricate nanoscale 
electronic and photonic devices as well as biosensors. In this section, we will focus 
on their synthesis and growth process. 



Figure 14.4. A collection of nanostructures of ZnO synthesized under controlled conditions 
by thermal evaporation of solid powders. Most of the structures presented can be produced 
with 100% purity [43], (Reprinted from Materials Today, 7(6), Wang ZL, Nanostructures of 
zinc oxide, 26-33, ©2004, with permission from Elsevier.) 


14.2.3.2 Synthesis of Nanowires 

Synthesis methods of NWs basically include both vapor phase and solution 
techniques. Compared to physical methods such as nanolithography and other 
patterning techniques, chemical methods have been more versatile and effective in 
the synthesis of these nanowires. The chemical synthesis includes various methods: 
thermal evaporation, chemical vapor-phase deposition, metal-organic chemical 
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vapor-phase deposition, arc-discharge, laser ablation, sol-gel, template-based 
methods. The basic process of ID nanostructure formation involves two 
fundamental steps: nucleation and growth. They can be simply categorized into (i) 
vapor-based growth; and (ii) solution-based growth. A major challenge in the 
synthesis of nanowires is to control their size, phase purity, crystallinity, and 
chemical composition. Therefore, a detailed understanding and control of the 
nucleation and growth processes at the nanometer scale is required. 

Vapor Phase Growth of Nanowires 

Vapor-liquid-solid Growth: The vapor-liquid-solid (VLS) growth mechanism 
was proposed by Wayner [50] in the 1960s when he studied the growth of mm- 
scale Si whiskers using Au as a catalyst. The advantage of the VLS growth 
mechanism is that it can control production of single-crystalline ID nanostructure 
from a wide variety of inorganic materials including elemental semiconductors (Si, 
Ge, and B), III-V semiconductors (GaN, GaAs, GaP, InP, InAs), II-VI 
semiconductors (ZnS, ZnSe, CdS, CdSe), and oxides (ZnO, MgO, Si0 2 ) [45]. A 
typical VLS process involves the dissolution of gaseous reactants into nanosized 
liquid droplets of a catalyst metal, followed by nucleation and growth of the single¬ 
crystalline rods and then wires. Since the diameter of the nanowires is determined 
by the diameter of the catalyst particles, this method provides an efficient means to 
obtain uniform-sized nanowires. This mechanism has been widely accepted and 
applied for understanding the growth of various types of nanowires. The synthesis 
of NWs with controlled composition, size, purity and crystallinity required an 
increased understanding of the nucleation and growth processes at the nanoscale. 
An in situ high-temperature TEM revealed real-time observations of the growth of 
Ge nanowires, which confirms the VLS growth mechanism [51]. The experimental 
observations suggest that there are three growth stages: metal alloying, crystal 
nucleation and axial growth. 

Vapor-solid Growth: The vapor-solid (VS) growth method, also called 
evaporation-condensation growth, is also a popular and simple method to grow 
oxide nanowires. In this process, the vapor species is first generated by 
evaporation, chemical reduction and gaseous reaction. The vapor is subsequently 
transported and condensed onto a substrate. Using this method, various oxide 
nanowires such as Zn, Sn, In, Cd, Mg, Ga and Si have been synthesized. For 
example, Zhu and co-workers have grown Si 3 N 4 , SiC, Ga 2 0 3 and ZnO nanowires 
by heating the powders of these materials to elevated temperatures [52]. Wang and 
co-workers obtained nanobelts by this method [53], Recently, Saha and co-workers 
[54] synthesized Sn0 2 NWs directly on carbon paper via vapor solid growth from 
tin power at 850 °C. Figure 14.5 shows typical SEM and TEM images of the Sn0 2 
NWs grown on carbon fibers of carbon paper by thermal evaporation method. 
High-density Sn0 2 NWs on carbon fibers of a carbon paper are an ideal support of 
Pt nanoparticles for fuel cell application [54]. 




Figure 14.5. SnCE NWs grown oil carbon fibers of carbon paper by thermal evaporation 
method: (top) SEM image showing high coverage of Sn0 2 NWs on fibers of carbon paper 
(inset: fibers of bare carbon paper); (bottom) TEM image of Sn0 2 NWs/carbon paper 
indicating morphologies of the nanowires [54], (Reprinted from Electrochemistry 
Communications, 9(9), Saha MS, Li R, Sun X. Composite of Pt-Ru supported Sn0 2 
nanowires grown on carbon paper for electrocatalytic oxidation of methanol, 2229-34, 
©2007, with permission from Elsevier.) 
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Solution-based Growth of Nanowires 

Template-based Synthesis: Template-directed synthesis provides another 
convenient and versatile method for growing ID nanostructures. In this approach, 
the template simply serves as a scaffold within which different material is 
synthesized and shaped into a nanostructure with its morphology complementary to 
that of the template. The templates could be nanoscale channels within mesoporous 
materials, porous alumina and polycarbonate membranes. The nanoscale channels 
are filled using, the solution, the sol-gel or the electrochemical method. The 
nanowires produced are released from the templates by removal of the host matrix 
[55]. Unlike the polymer membranes fabricated by track etching, anodic alumina 
membranes (AAMs) containing a hexagonally packed 2D array of cylindrical pores 
with a uniform size are prepared using anodization of aluminum foils in an acidic 
medium. Several materials have been fabricated into nanowires using AAMs in the 
templating process. The various inorganic materials include Au, Ag, Pt, Ti0 2 , 
Mn0 2 , ZnO, Sn0 2 , In0 3 , CdS, CdSe, CdTe, electronically conducting polymers 
such as polypyrole, poly(3-methylthiophene), polyaniline and finally carbon 
nanotubules. 

Although the nanowires synthesized using the template method are usually 
polycrystalline, recent studies have revealed that it is possible to synthesize single 
crystals of nanowires by carefully controlled conditions. For example, Neumann 
and co-workers have demonstrated that pulse electrodeposition could be used to 
selectively grow either single-crystalline copper nanowires [56]. In recent work, 
Cao and co-workers discovered that titanium nanowires, obtained from the 
electrophoretic deposition method, became single crystals once their diameters had 
been reduced below 15 nm [57]. 

In summary, the controlled synthesis of CNTs, CNFs, and NWs is critical in 
order for them to be used in practical applications. In particular, the nanostructures 
grown on carbon paper are ideal materials for fuel cell electrodes. In the next 
sections, we will focus on how to use them in fuel cells. 


14.3 Synthesis and Characterization of Pt Catalysts Supported 
on Carbon Nanotubes, Carbon Nanofibers and Metal Oxide 
Nanowires 

14.3.1 Introduction 

Proton exchange membrane (PEM) fuel cells are efficient and nonpolluting 
electrical power generators based on two electrochemical reactions: the oxidation 
of hydrogen at the anode and the reduction of oxygen at the cathode. In recent 
years, the PEM fuel cells have been considered as an alternative to internal 
combustion engines, batteries, and thermal combustion power plants due to the 
high thermodynamic efficiency and the near-zero emission levels. However, there 
are many challenges that need to be addressed before the commercialization of the 
PEM fuel cells, such as hydrogen fuel infrastructure, durability, and cost issues [1]. 



666 X. Sun and M.S. Saha 


Noble metals, such as Pt, Ru or Pt-Ru alloys, supported on high surface area 
carbon materials are important electrochemical catalysts for PEM fuel cells. It is 
well known that the catalytic activities highly depend on the size and dispersion of 
the metal nanoparticles on the support as well as the particle interactions with the 
support substrates [58, 59]. Carbon black support, the most common catalytic 
support, has good electronic conductivity, high surface area, good electrochemical 
performance and stability in acidic environments [60]. However, to reduce Pt 
loading through increasing the catalyst utilization and improving the catalyst 
activity, a new carbon support with a higher surface area is needed. The application 
of CNTs and CNFs as supports for the fuel cell catalysts have been a subject of 
great interest during the last few years due to the high surface area, excellent 
electronic conductivity, and high chemical stability [61, 62]. The main reason for 
using CNTs- and CNFs-supported Pt catalysts is to reduce Pt loading through 
increasing the catalyst utilization, and improving the catalyst activity. 
Electrocatalysts supported on CNTs or CNFs as electrodes in either PEMFCs [63- 
70] or direct methanol fuel cells (DMFCs) [71-74] have been examined 
extensively and the resulting supported catalysts gave better performance than 
those supported on commercial carbon black [67, 75]. 

A major challenge in the synthesis of CNTs and CNFs as supports for Pt 
electrocatalysts is to control the size and distribution of the Pt nanoparticles. Since 
the dispersion and particle size of Pt on the support material can strongly affect its 
utilization and catalytic activity [2], the synthesis of Pt nanoparticles supported by 
CNTs and CNFs are of fundamental and practical importance [63, 68, 76-79]. In a 
recent review, Lee et al. [80] described the various synthesis methods of the Pt 
electrocatalyst using CNTs and CNFs as the support of the Pt catalyst in the PEM 
fuel cell applications. The deposition, distribution, and crystalline size of Pt 
nanoparticles supported on CNTs and CNFs are significantly affected by factors 
including the synthesis method, oxidation treatment of CNTs and the Pt precursors. 
In this section, we will focus on the synthetic methods of depositing Pt 
nanoparticles onto CNTs and their morphology. 

14.3.2 Methods for Depositing Pt Catalysts on Carbon Nanotubes (Pt/CNTs) 

So far, many methods have been developed for the preparation of CNTs as a 
support for Pt catalysts. In principle, the preparation of CNTs as a support for Pt 
catalysts can be broadly divided into two categories: physical and chemical 
methods. The physical methods proceed with either the atomization of metals in a 
vacuum by thermal evaporation or sputtering while the Pt ions in a chemical 
synthesis method are reduced to neutral atoms. This is followed by particle growth. 
Compared with the physical methods, the chemical methods have the significant 
advantage of being able to easily control the primary structures of nanoparticles, 
such as size, shape, and composition, as well as to achieve mass production. A 
large variety of chemical methods have been reported for the preparation of CNTs 
as a support for Pt catalysts. Table 14.1 lists some selected examples of chemical 
methods used to prepare CNTs as a support for Pt catalysts that are relevant for 
fuel cell. Different growth control mechanisms and strategies are used in each of 
the different chemical deposition methods which are shown schematically in 
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Figure 14.6. For example, in the impregnation method, the size of the Pt 
nanoparticles is controlled by the structure of the support material which acts as the 
confining medium to restrict reaction, diffusion, and aggregation processes. In the 
colloidal method, the Pt size is controlled either by electrostatic hindrance or the 
addition of a protecting agent, which will adhere onto the surface of Pt 
nanoparticles. For the ion-exchange method, the surface groups of the support 
material provide the anchorage sites for the Pt particles and control the dispersion 
and distribution of the Pt nanoparticles. In this section, some examples of Pt 
deposition methods will be discussed. 


Size control 



Figure 14.6. Schematic illustration of chemical methods to prepare Pt lianoparticles 
supported carbon nanotubes. 
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Table 14.1. Summary of synthesis methods for CNTs, CNF and NW-supported Pt 
nanoparticles with catalytic properties for fuel cell electrodes 
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14.3.2.1 Impregnation Method 

The impregnation method is the most widely used wet-chemical method. This 
method is a simple and straightforward for depositing metal catalyst on the carbon 
support for the preparation of the PEM fuel cell catalysts and is thus an attractive 
choice for large-scale synthesis [66, 68, 81, 82]. This method involves the 
impregnation of the support material with a salt solution containing the metal to be 
deposited. This is followed by a reduction step. The procedure is shown 
schematically in the top flow line of Figure 14.6. During the impregnation step, a 
Pt precursor, e.g., PtCf, 2 , is mixed with CNTs in aqueous solution to form a 
homogeneous mixture. The reduction step can be chemical or electrochemical. The 
chemical reduction step can either be carried out by liquid phase reduction using 
borohydride, formic acid or hydrazine as a reductive agent, or by a gas phase 
reduction using a flowing hydrogen gas as a reductive agent under elevated 
temperature. During the impregnation process, many factors can affect the size and 
size distribution of Pt nanoparticles. The chemical modifications of the surface of 
CNTs will play a major role in the deposition of Pt nanoparticles as the pristine 
surface of CNTs is relatively inert. An improved method is to functionalize the 
surface of CNTs first through a chemical reaction. The functionalization of CNTs 
will be discussed in Section 14.3.4. 



(a) Current density (mA/cm 2 ) Current density (mA/cm') 



(c) Current density (mA/cm 2 ) 


Figure 14.7. Current potential curves for the Pt-CB, the HPt-CNT, and the KPt-CNT 
electrodes. The curves below 500 mA/cm 2 were enlarged in (b). (c) Power current curves for 
the Pt-CB, the HPt-CNT, and the KPt-CNT electrodes [68], (Reprinted from Catalysis 
Today, 90(3-4), Matsumoto T, Komatsu T, Nakano H, Arai K, Nagashima Y, Yoo E, et al. 
Efficient usage of highly dispersed Pt on carbon nanotubes for electrode catalysts of 
polymer electrolyte fuel cells, 277-81, ©2004, with permission from Elsevier.) 
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Matsumoto and co-workers [68] synthesized Pt nanoparticles supported on 
CNTs using two Pt compounds; H 2 PtCl6'6(H 2 0) or K 2 PtCl 4 In their experiments, 
CNTs were heated and stirred with Pt compound in ethylene glycol at 40 °C for 2 
h. Then this solution was added into 50 ml of 14 N HH0 3 and filtered. A 
commercial carbon black supported Pt (Pt-CB) electrocatalyst was used as a 
reference to compare the electrode’s performance. Figure 14.7 shows the fuel cell 
performance for the KPt-CNT, HPt-CNT, and Pt-CB electrodes. They found that 
the Pt supported CNT electrodes showed comparable performance to the Pt-CB 
electrodes in Figure 14.7(a), and the KPt-CNT electrodes showed the highest 
voltages below 500 mA/cm 2 in Figure 14.7(b). The higher voltages of the KPt- 
CNT suggest either the formation of more effective triple-phase boundaries on the 
KPt-CNT electrodes than the other two electrodes or a higher conductivity 
compared to the Pt/CB electrodes. The electric power densities produced using the 
Pt/CNT electrodes are greater than that of the Pt/CB by a factor of two to four on 
the basis of the Pt load per power (see Figure 14.7(c)). 
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Figure 14.8. Single-atom-to-cluster approach for the formation of size-controlled Pt clusters 
on CNTs [83], (Kim Y-T, Ohshima K, Higashimine K, Uruga T, Takata M, Suematsu H, et 
al. Fine size control of platinum on carbon nanotubes: from single atoms to clusters. Angew 
Chem Int Ed 2006;45:407-11. Copyright Wiley-VCFl Verlag GmbH & Co. KGaA. 
Reproduced with permission.) 
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Figure 14.9. TEM images of Pt nanoparticles deposited oil the CNTs/carbon paper from 
different concentrations of Pt precursor (a) 1 mM, (b) 2 mM and (c) 4 mM in glacial acetic 
acid. Right panel: Pt nanoparticles deposited on single CNT. The corresponding Pt loadings 
on the CNTs are 0.11, 0.24 and 0.42 mg Pt cm 2 [70], (Reprinted from Journal of Power 
Sources, 177(2), Saha MS, Li R, Sun X, High loading and monodispersed Pt nanoparticles 
on multiwalled carbon nanotubes for high performance proton exchange membrane fuel 
cells, 314-22, ©2008, with permission from Elsevier.) 
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Recently, Kim and co-workers [83] have proposed a new approach for the 
preparation of highly dispersed and size controlled Pt clusters on CNTs. They 
named this the single-atom-to-cluster approach and it is shown schematically in 
Figure 14.8. The key factor of this approach is the introduction of surface thiol 
groups on the CNTs. In their experiments, purified CNTs were stirred in 
concentrated FFStXtandHNCh for 15 min in order to functionalize the CNTs; then 
they were chlorinated by refluxing for 12 h with SOCl 2 at 70 °C. The surface 
thiolated CNTs were carried out by a reaction with NH 2 (CH 2 ) 2 SH in dehydrated 
toluene for 24 h at 70 °C. The Pt precursor was simultaneously reduced and 
supported on the thiolated CNTs by using NaBH 4 to form a monolayer of single Pt 
atoms. The heat treatment of the single Pt atoms that were supported on the CNTs 
was performed for 10 min at various temperatures followed by slow quenching to 
room temperature to form Pt clusters from single atoms. They found that the Pt 
clusters size can be controlled by heat treatment of Pt supported by CNTs. The 
high dispersion of Pt clusters i.e., small particle size and narrow size distribution 
was obtained by this method. 

The synthesis of highly dispersed Pt nanoparticles with controlled loadings on 
CNTs remains a tough challenge because of the inertness of the CNT surface [80]. 
More recently, Saha et al. [70] developed a novel synthetic method for preparing 
uniformly dispersed high loading Pt nanoparticles on CNTs which were grown 
directly on carbon paper. The method consists of the treatment of the CNTs with 
glacial acetic acid which reduces the Pt ion on to the CNTs surface. Platinum 
acetylacetonate was added into glacial acetic acid and it was agitated in an 
ultrasonic bath for 10 min at room temperature. Then the CNTs grown on carbon 
paper were added to the solution and sonicated for 2 min. The beaker was placed 
on a hot plate and heated at a temperature of 110-120 °C for around 5 h under 
constant stirring. Afterward, the CNTs containing the Pt nanoparticles were 
washed with deionized water and dried at 90 °C over night in a vacuum oven. The 
monodispered Pt particles on the surface of the CNTs have a size between 2-4 nm 
depending on concentrations of the Pt precursor as shown in Figure 14.9. X-ray 
photoelectron spectroscopy analysis indicates that the glacial acetic acid, which 
acted as a reducing agent, had the capability to produce high density, oxygen- 
containing functional groups on the surface of CNTs which leads to high density 
and monodispersed Pt nanoparticles. 

14.3.2.2 Electrochemical Method 

Electrodeposition offers a novel way to deposit many metals, selectively, at 
desirable locations in the substrate through easily controlling the nucleation and 
growth of the metal nanoparticles. Pulse current, direct current and cyclic 
voltammetry are utilized to deposit Pt nanoparticles using the electrochemical 
methods. The electrochemical method has been used to deposit Pt onto carbon 
substrates at the anodes and cathodes of PEM fuel cells to improve the Pt 
utilization and reduce the Pt loading [84-86]. With the electrochemical method, the 
Pt loading can be reduced ten-fold without any significant loss of cell performance 
as compared to the conventional deposition technique [84]. Electrodeposition of Pt 
nanoparticles on CNTs has recently been reported by several groups [73, 87-90]. 
With the careful choice of substrate, deposition potential, and growth time, it is 
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possible to deposit nanoparticle with a high degree of monodispersity w.r.t. particle 
size [91-93]. 

Recently, an approach for the deposition of Pt particles with a narrow size 
distribution on CNTs was developed by Guo and Li [90, 94], involving three steps: 
(1) a gentler electrochemical activation of CNTs to introduce various oxide 
functional groups such as quinonyl, carboxyl, or hydroxyl groups without further 
damage of the CNTs, (2) formation of the octahedral complexes of Pt(IV) with 
functional groups on the surface of CNTs, (3) transformation of the CNTs surface 
complexes to Pt nanoparticles. The method for depositing Pt nanoparticles is 
shown schematically in Figure 14.10. Their TEM images revealed that the Pt 
nanoparticles are well dispersed in the CNTs that have a diameter of 4-6 nm [90]. 



Figure 14.10. A schematic diagram illustrating three-step electrochemical deposition of Pt 
nanoparticles onto CNTs [90], (Reprinted from Journal of Electroanalytical Chemistry, 
573(1), Guo D-J, Li H-L, High dispersion and electrocatalytic properties of Pt nanoparticles 
on SWNT bundles, 197-202, ©2004, with permission from Elsevier.) 

Direct potential control electrodeposition has been used for the formation of 
metal nanoparticles that are supported on CNTs [78, 95, 96]. For example. Day and 
co-workers [96] studied the nucleation and growth mechanisms of the 
electrodeposition of metals such as Ag and Pt onto nanostructures. In their study, 
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CNT networks were used as a template and the deposition of Pt was performed by 
stepping the potential from 0.0 V (where there was no electrode reaction) to -0.4 V 
(vs Ag/AgCl) for a period of 30 s and then back to an open circuit. This procedure 
allows the density and size of metal nanoparticles to be controlled by careful 
choice of the applied potential and deposition time. Figure 14.11 shows FE-SEM 
images taken after Pt deposition. A high density of nanoparticles was deposited 
close to the gold contact electrode within a distance of approximately 10 pm from 
the edge. 



Figure 14.11. FE-SEM images showing (a) Pt deposited on CNTs from a solution 
containing 2 mM K 2 PtCl 6 in 0.5 M perchloric acid by direct electrodeposition method. A 
deposition potential and time of-0.4 V (vs Ag/AgCl) and 30 s were used. The CNT network 
density was 6.8 pmSWNT pm -2 . In the bottom right of the image is the Au contact electrode 
which was also exposed to solution, (b)-(d) are higher resolution FE-SEM images: (b) close 
to, (c) ca. 15 pm from, and (d) further away (ca. 25 pm) from the contact electrode [96], 
(Reprinted with permission from J Am Chem Soc 2005;127:10639-47. Copyright 2005 
American Chemical Society.) 

Another approach to controlling the electrodeposition of nanoparticles on 
pristine CNTs’ surfaces was again reported by Day and co-workers [97]. The 
authors electrodeposited metal nanoparticles on pristine CNTs networks using a 
microcapillary electrochemical cell. Figure 14.12 illustrates a schematic of the 
microcapillary experimental setup. In their experiment, a microcapillary filled with 
the metal solution and a reference electrode is placed in contact with CNTs 
network, which is connected as a working electrode. Electrodeposition is promoted 
by applying a potential between the CNT network and the reference electrode. It 
was shown that by controlling the deposition potential and time, the number 
density, distribution, and nanoparticle size able to be controlled. 
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(a) (b) 



Au contact SWNT network on 
electrode SiCb substrate 


(C) 



Figure 14.12. (a) Schematic of the microcapillary experimental setup. The substrate 
comprised a two-dimensional interconnected network of CNTs on a Si/SiC >2 surface. A gold 
band was evaporated onto the substrate to electrically connect the CNTs. A microcapillary, 
containing the electrodeposition solution, was positioned at different locations on the 
substrate using x,y,z micropositioners, (b) Optical images of the tip of a typical 
microcapillary side-on (top image) and end-on (bottom image), (c) FE-SEM image showing 
an area of electrolytically deposited Pt nanoparticles (deposition time and potential of 30 s 
and -0.3 V, respectively) on a CNT network over an area defined by the inner dimensions of 
the microcapillary [97]. (Reprinted with permission from Nano Lett 2007;7:51-7. Copyright 
2007 American Chemical Society.) 
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Additionally, a hybrid thin-film electrode of CNTs containing Pt nanoparticles 
and [tetrakis(A r -methylpyridyl)poiphyrinato]cobalt (CoTMPyP) was fabricated by 
Qu et al. [88]. At first a PtCf 2 layer was absorbed on the surface of the 
CoTMPyP-modified nanohibe electrode through electrostatic interaction. This 
layer was then reduced electrochemically to yield Pt nanoparticles under constant 
potential at -0.7 V. They found that the hybrid film electrode exhibited high 
electrocatalytic activity for oxygen reduction to produce H 2 0 through a four 
electron pathway reduction with high stability. 

14.3.2.3 Colloidal Method 

In recent years, there has been considerable interest in the development of colloidal 
methods to prepare Pt catalysts supported on CNTs with a narrow particle size 
distribution [71, 98-102]. Usually, this method involves the preparation of a 
platinum metal colloid, followed by adsorption on the support, or in the formation 
of a Pt oxide colloid, followed by simultaneous reduction and adsoiption, or 
adsorption followed by chemical reduction. The procedure is shown schematically 
in Figure 14.6. In the colloidal method, the size of the Pt nanoparticles is largely 
controlled or stabilized by the protecting agents, such as ligands, surfactants or 
polymers [103]. The colloidal metal nanoparticles are stabilized by either steric 
hindrance or by electrostatic charges. For example, Li and co-worker [100] used 
surfactant 3-( N, N -dimethy ldodecy larnmonio) propanesulfonate (SB12) as a 
stabilizer to prepare Pt nanoparticles supported on CNTs by methanol reduction of 
FLPtCf [99, 100]. Before deposition of the Pt nanoparticles, an oxidative treatment 
of the CNTs was employed by an H2SO4-HNO3 mixture to generate the carboxyl 
on the surface of the CNTs. The Pt nanoparticles were deposited on the 
functionalized CNTs by using the SB12-stabilized methanol reduction method. 
Well-dispersed Pt nanoparticles of an average size of 2.2 nm were produced on the 
external walls of the CNTs as shown in Figure 14.13 [100]. 

Though the colloidal method can provide a narrow size distribution of metal 
nanoparticles, the major drawback is the presence of a protecting agent, which may 
hinder the catalytic performance of the nanoparticles. Of course, the organic 
protecting shell can be removed by washing it in an appropriate solvent or by 
decomposition at an elevated temperature in an inert atmosphere. Therefore, it 
would be preferable to use the alternative route of preparing colloidal nanoparticles 
without the use of protecting agents. For example, Yoshitake and coworkers [101] 
reported that the use of NaHSCL and FLO? appears to be suitable for the 
preparation of Pt oxide colloids without the use of a protecting agent. They used a 
single-walled carbon nanohom (SWNH) as a support material. A SWNH is a new 
type of carbon nanotube with a horn-shaped sheath of single-walled graphene 
sheets. The fuel cell performance prepared with this method showed 20% higher 
performance than that of conventional Pt/C catalysts. 

It was recently reported that the colloidal Pt nanoparticles may be protected by 
glycol, which serves as both a solvent and the protecting agent [71, 102]. For 
example, Kongkanand and co-workers [102] used ethylene glycol as a reducing 
agent to prepare well-dispersed Pt catalysts supported by polymer-wrapped CNTs. 
In their procedure, the CNTs were sonicated i n /V, /V-d i mcthy I f()rmamide for 15 h to 
break up the nanotube bundles into individual CNTs. However, polymer such as 
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polystyrene sulfonate were added to the CNTs prior to 15 h sonication. Polystyrene 
sulfonate is expected to wrap around the individual CNTs by means of a 
thermodynamic driving force in order to reduce the hydrophobic interface between 
the tubes and polar solvent. The Pt nanoparticles were supported on these polymer- 
wrapped CNTs by the colloidal method. The Pt colloidal solution was synthesized 
using the reduction of PtCI 4 2 by ethylene glycol at a pH of 12.5. These polymer- 
wrapped CNTs with Pt nanoparticles deposited on them have very high 
electrochemically active surface areas as shown in Figure 14.14. The increase in 
utilization efficiencies for Pt catalysts on these CNT supports can be attributed to 
the increased surface areas and also the well-dispersed nature of the carbon support 
and catalyst [102]. 



Figure 14.13. High-resolution TEM bright-field images of supported Pt catalysts prepared 
by SB12-stabilized method: (a) Pt/MWNTs-m, (b) Pt/MWNTs-m, (c) Pt/C, and (d) Pt/C 
[100], (Reprinted by permission of ECS—The Electrochemical Society, from Li X, Ge S, 
Hui CL, Hsinga I-M. Well-dispersed multiwalled carbon nanotubes supported platinum 
nanocatalysts for oxygen reduction.) 
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Figure 14.14. Cyclic voltammograms for Pt/PW-SWCNT, Pt/Ox-SWCNT, and Pt/CB 
recorded in 0.1 M HC10 4 at a scan rate of 0.02 V/s. The Pt loadings were 14 pg/cm 2 [102], 
(Reprinted with permission from J Phys Chem B 2006;110:16185-89. Copyright 2006 
American Chemical Society.) 

14.3.2.4 Ion-exchange Method 

An ion-exchange method is an effective technique for depositing Pt metal particles 
on the CNTs without using protective colloiding agents, reducing agents or 
precursor complexes which are not easy to decompose [104-106]. In this 
technique, a Pt cation complex such as [Pt(NH 3 ) 4 ] 21 was ion-exchanged with 
hydrogen ions of the acid functional groups on the surface of the CNTs. The 
interaction between the acid functional groups and the Pt precursor affects the 
dispersion of the Pt particles. After the ion-exchange process, the Pt cation 
complex is reduced to Pt nanoparticles in an H 2 atmosphere. Yin and co-workers 
used an in situ ion-exchange method for preparing the electrode composed of Pt 
particles on the CNTs [104, 106]. In their experiments, the CNT electrode was 
electrochemically functionalized to generate the carboxyl functional groups on the 
surface of CNTs. Then the electrochemically functionalized CNT electrode was 
immersed in a solution of the platinum cation-complex salt for 48 h. As a result of 
this immersion, the hydrogen ions of the functional group on the surface of the 
CNT electrode undergo an ion-exchange process with the platinum cation 
complex. The immersed CNT electrode was then filtrated and washed with 
distilled water. Sufficient washing is important for obtaining a highly dispersed 
electrocatalyst. Reduction of the adsorbed platinum complex precursor to its 
metallic form was carried out by the treatment with hydrogen gas at 190 °C. They 
observed the Pt nanoparticles to be highly dispersed on the CNTs and their 
dispersion is much better than the catalyst prepared by the borohydride method 
[106], 
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14.3.2.5 Microwave Healed Polyol Method 

Microwave irradiation through dielectric heating loss is fast, simple, uniform, 
energy efficient and has been widely used in preparative chemistiy and materials 
synthesis [107]. Recently, there has been more reported successes in preparing 
high purity Pt or Pt-Ru nanoparticles supported on CNTs by a microwave-assisted 
polyol process [108-112]. The polyol process is normally used in preparing 
colloidal metal particles [113]. In the process, the polyol (most commonly ethylene 
glycol) solution containing the metal salt is refluxed at 120-170 °C to decompose 
the polyol to yield an in situ generated reducing species for the reduction of the 
metal ions to their elemental states [108, 110, 112]. The fine metal particles 
produced could additionally be captured by a support material suspended in the 
solution. Conductive heating is often used, but microwave dielectric loss heating 
may be a better synthesis option in view of its energy efficiency, speed, uniformity, 
and implementation simplicity [107]. In addition, the homogeneous microwave 
heating of the liquid samples could reduce the temperature and concentration 
gradients in the reaction medium, thus providing a more uniform environment for 
the nucleation and growth of metal particles. For example, Liu and coworkers 
[108] used a microwave-assisted polyol process for the synthesis of Pt 
nanoparticles supported on CNTs. Their synthesis procedure can be outlined as 
follows: an aqueous solution of H 2 PtCl 6 is mixed with ethylene glycol and the pH 
of the solution is adjusted by the addition of KOH. Then, the purified CNTs are 
uniformly dispersed in the mixed solution by ultrasound. After a period of heating 
in a microwave oven, the resulting CNTs are then filtered and the residue is 
washed with acetone and dried at 100 °C over night in a vacuum oven. 

The pH value of the Pt precursor solution is an important factor for the 
preparation of Pt/CNTs catalysts by the polyol process. The effect of the pH on the 
Pt particles’ size and distribution were investigated by Li et al. [112]. In their 
experiments, the pH of the solution was adjusted to the desired value (3.4-9.2) by 
the addition of a KOH solution. Figure 14.15 shows TEM images of Pt/CNTs 
prepared by the microwave polyol process using different values of pH. At a lower 
pH range (pH 3.6-5. 8 ), the Pt nanoparticles are agglomerated and not as well 
dispersed on the CNT surfaces. On the other hand, there was less agglomeration 
and a more uniform dispersion of Pt nanoparticles that are formed in the pH range 
of 7.4-9.2. Therefore, pH value in the solution plays an important role in 
controlling the Pt particle size and distribution. They also proposed the following 
mechanism to explain the pH effect during the formation of the Pt nanoparticle in 
ethylene glycol solution: 

CH 2 OHCH 2 OH = CH 3 CHO + H 2 0 (14.1) 

2 CH 3 CHO + (PtCl 6 ) 2 ~ + 60H~= 2 CH 3 COCT + Pt + CL + 4H 2 0 (14.2) 

The acetate form in the second reaction will possibly form chelate-type complexes 
via its carboxyl groups and can also act as a stabilizer for the Pt metal collides,. At 
a low pH, the interactions between the Pt particles and acid form (acetic acid) are 
smaller. Therefore, Pt nanoparticles prepared at a low pH should be unstable and 
more agglomerated, thus have a larger size and a wider size distribution. 
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Figure 14.15. TEM images of microwave-synthesized Pt/CNTs from the ethylene glycol 
solutions ofH 2 PtCl 6 with different pH in the presence of CNTs: (a) pH = 3.6; (b) pH = 5.8; 
(c) pH = 7.4 and (d) pH = 9.2 [112]. (Reprinted from Carbon, 43(10), Li X, Chen W-X, 
Zhao J, Xing W, Xu Z-D, Microwave polyol synthesis of Pt/CNTs catalysts: Effects of pH 
on particle size and electrocatalytic activity for methanol electrooxidization, 2168-74, 
©2005, with permission from Elsevier.) 

14.3.2.6 Spattering Method 

Deposition of Pt metals on a carbon gas diffusion media by sputtering is an 
approach to reduce the Pt loading and enhance the catalyst utilization in fuel cells 
[114, 115]. Sputtering deposition techniques can produce a highly uniform particle 
distribution and the fabricating process is relatively simple. The particle size is 
determined by controlling the sputtering time and current. Recently, Hirano et al. 
[115] reported promising results using a thin layer of Pt that was deposited on wet 
proofed non-catalyzed gas diffusion electrode (equivalent to 0.01 mgPt/cm 2 ) by a 
sputtering technique. This demonstrated similar results as compared to a 
conventional Pt/C (0.4 mgPt/cm 2 ) electrode that can be obtained commercially. 
Later Cha and Lee [114], used an approach containing multiple sputtered layers (5 
nm layers) of Pt interspersed with Nation, carbon black and isopropanol ink (total 
loading equivalent of 0.043 mgPt/cm 2 ) which exhibited equivalent performance to 
conventional commercial electrodes with 0.4 mgPt/cm 2 . Based on their results, 
sputtering is considered a new method of applying the Pt catalyst and necessitates a 
new methodology for creating the membrane electrode assembly (MEA) structure 
[114]. 

More recently, sputtering deposition techniques were used to produce thin 
platinum films on the surface of CNTs [116-118]. According to Chen et al. [116], 
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the sputtering deposition method could generate highly uniformed Pt nanoparticles 
on CNTs compared to those produced by the electroless deposition method. In 
their experiments, the CNTs were synthesized directly on the carbon cloth by a 
bias-assisted microwave plasma enhanced CVD method and the Pt nanoparticles 
were subsequently deposited on the CNTs. 

A further adaptation of the sputtering deposition techniques found in the 
literature is to deposit Pt nanoparticles on nitrogen-containing CNTs (N-CNTs) for 
liDVIFC applications [118]. A great deal of attention has been devoted to the N- 
CNTs [119, 120]. It has been reported that the N-CNTs have many advantages 
over general CNTs including the enhancement of interaction between the nanotube 
surface and the deposited Pt nanoparticles [121]. In the effort of Sun et al. [118], 
N-CNT arrays were grown on a Si substrate by microwave-plasma-enhanced CVD 
first and then used as a template for the Pt particles. The Pt nanoparticles were 
deposited on the sidewalls of N-CNTs over a large area using a DC sputtering 
method without any chemical pretreatment. TEM results showed that well- 
separated Pt nanoparticles would form with an average diameter of 2 nm on the 
bamboo-like structure of the N-CNTs as shown in Figure 14.16. Their results 
suggest that the nitrogen incorporation in the CNTs may play a critical role in the 
self-limited growth of the Pt nanoparticles. The cyclic voltammograms 
demonstrated that the Pt nanoparticles are indeed electrochemically active and thus 
promising for a future liDVIFC device. 



Figure 14.16. (a) TEM image of Pt nanoparticles oil the sidewall of one single CN.r NT with 
the corresponding SAED pattern in the inset, (b) HRTEM image of Pt nanoparticles on the 
sidewall of one single CN.r NT. (c) A size histogram of Pt nanoparticles estimated from (b) 
[118], (Reprinted with pennission from Chem Mater 2005;17:3749-53. Copyright 2005 
American Chemical Society.) 
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While the sputtering technique works well for the direct deposition method, the 
main drawback is the durability. In most cases the deposition has a relatively poor 
adherence to the substrate and under the variable conditions of load and 
temperature there is a greater probability that the deposits will sinter or dissolute. 

14.3.3 Methods for Depositing Pt Catalysts on Carbon Nanofibers (Pt/CNFs) 

In recent years, great interest has risen to adopt carbon nanofibers (CNFs) as a 
support of catalysts for PEM fuel cells due to their excellent mechanical, electrical 
and thermal properties [38, 67, 122-125]. A high dispersion of Pt nanoparticles 
supported on CNFs can be obtained due to their high surface area and unique 
structure mentioned previously [38, 67]. Additionally, the metal particles supported 
on the CNFs seem to be less susceptible to CO poisoning compared to the 
traditional catalyst systems [38]. In this section, the deposition of Pt nanoparticles 
on CNFs will be discussed. 

Toebes and co-workers [123] prepared Pt catalysts supported by CNFs using 
Pt(NH 3 ) 4 (N0 3 )2 as a precursor by homogeneous deposition precipitation (HDP) 
method. In the HDP method, the active phase or its precursor is deposited onto an 
existing support by slowly and homogeneously introducing the precipitating agent 
in such a way that the nucleation in the solution itself is avoided. In their 
experiments, a suspension of CNFs was introduced into demineralized water which 
was acidified to a pH of 3 with nitric acid and heated up to 90 °C under an inert 
atmosphere. Subsequently, urea and Pt(NH 3 ) 4 (N0 3 ) 2 were added under vigorous 
stirring. The pH of the sluny was monitored to follow the process and to indicate 
its completeness. After 18 h the loaded CNFs were filtered and washed thoroughly 
with demineralized water, dried at 80° C in a nitrogen flow, and reduced in 
hydrogen at 200 °C for 1 h. Well-defined, CNFs-supported, Pt catalysts were 
prepared with a narrow size distribution, and a mean particle size of 1-2 nm. 

Pt catalysts supported on graphite nanofibers for use as an electrode for fuel 
cell applications was investigated by Bessel et al. [38]. Three types of graphite 
nanofibers (ribbon, platelet and herringbone) were used as catalyst supports for 
platinum particle deposition by using the incipient wetness method. Catalysts 
consisting of 5 wt% platinum supported on “platelet” and “ribbon” type graphite 
nanofibers, which expose mainly edge sites to the reactants, were found to exhibit 
activities comparable to that displayed by about 25 wt% Pt on Vulcan carbon. 

Zhang and co-workers [125] have developed a synthesis method for depositing 
Pt nanoparticles onto CNFs by an in situ polymerization of acrylonitrile in a porous 
anodic aluminum oxide (AAO) membrane template. Figure 14.17 shows a 
schematic diagram outlining the synthesis procedure. The author first fabricated a 
hexagonally packed porous AAO membrane by a two-step anodization using 
oxalic acid aqueous solution under a constant voltage of 40 V at 50 °C. Then, the 
pores are widened by a chemical etching in an aqueous 5% phosphorous acid 
solution at 30 °C. The AAO templates are immersed in a distilled acrylonitrile 
monomer (CH 3 CH 2 CN) containing 2, 2'-azo-bisisobutyronitrile and Pt(II) 
acetylacetonate. The polymerization and cyclization are carried out at 50°C and 
220 °C, respectively, in the AAO templates for 10 h in air. The residual Al 
substrate is removed by dissolving it in a solution containing CuCl 2 and HC1. The 
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polyacrylonitrile (PAN) nanofibers in the AAO membrane were further pyrolyzed 
at 700 °C under a high vacuum for 6 h. Finally, the AAO template was dissolved in 
a NaOFI aqueous solution. The Pt nanoparticles supported on the CNFs were then 
cleaned with distilled water, rinsed with ethanol and dried in liquid C0 2 to reduce 
the aggregation of nanofibers. They found that the Pt nanoparticles with an average 
size of 2.2 nm were produced using this method. It was observed that the Pt/CNFs 
catalyst exhibited higher onset potential for the oxygen reduction reaction and 
higher catalytic activity compared to that of Pt/C catalyst synthesized by a bulk 
polymer pyrolysis method without an AAO template. 
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Figure 14.17. Schematic diagram of the fabrication of Pt-CNFs using an AAO membrane 
template [125], (Reprinted from Chemical Physics Letters, 398(4-6), Zhang L, Cheng B, 
Samulski ET, In situ fabrication of dispersed, crystalline platinum nanoparticles embedded 
in carbon nanofibers, 505-10, ©2004, with permission from Elsevier.) 
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Tang and co-workers [124] employed an electrochemical method for the 
deposition of Pt nanoparticles on graphitic carbon nanofibers (GCNFs). In their 
efforts, Pt nanoparticles were electrodeposited on a GCNF/graphite working 
electrode from an acidic solution of H 2 PtCl 6 by cyclic voltammetry under the 
condition of a deposition potential of +0.1- -0.25 V vs. SCE and a sweep rate of 
15 mV/s. Before the Pt particle deposition, the GCNFs/graphite electrode was 
pretreated in 30 wt% HNO 3 aqueous solution for 40 min to remove the metallic 
nickel catalyst. To further increase the electrochemical activity of the surface of the 
GCNFs in the water solution, the GCNFs/graphite electrode was then cycled in the 
range of-0.15 - +1.3 V at a sweep rate of 50 mV/s in 0.5 M H 2 SO 4 for 20 cycles. 
They observed that the Pt nanoparticles are uniformly dispersed on the whole 
surface of the GCNFs with a diameter of about 40-50 nm, which is smaller than 
that of the Pt/graphite electrode (100 nm). 

14.3.4 Methods for Depositing Pt Catalysts on Metal Oxide Nanowires 
(Pt/NWs) 

Apart from carbon nanotubes and carbon nanofibers, other one-dimensional (ID) 
nanostructured materials, such as nanowires, nanobelts and nanorods have received 
much interest due to their unique properties and extensive applications [45, 126— 
128]. Recently, a variety of ID nanostructures with different compositions such as 
ZnO, Sn0 2 , WO 3 , ln 2 0 3 , CdO, Mg0 2 , Mn0 2 , Ti0 2 and Pb0 2 were successfully 
synthesized [129-131]. Unlike CNTs, nanowires (NWs) can be made of various 
compositions of materials with solid cores. For example, monometallic Pt, Au and 
Ag nanowires [132-134] and Pt nanowire networks [135] synthesized in highly 
ordered SBA-15 silica have been reported. The broader choice of various 
crystalline materials and easier doping methods provide highly tunable properties 
of NWs. For example, doping with indium (In) and antimony (Sb) can modulate 
the optical and electrical properties of Sn0 2 NWs [136, 137]. Among various kinds 
of nanowires, certain metal oxide NWs have several unique advantages as supports 
for dispersing noble metal nanoparticles such as Pt for practical applications. First, 
unlike carbon black, metal oxide materials have catalytic properties. For example, 
Sn0 2 nanoparticles combined with noble metal nanoparticles have enhanced the 
catalytic activities towards methanol oxidation [138, 139]. Second, there is a very 
strong interaction between Pt nanoparticles and the metal oxide surface. Third, gas 
permeability is expected to be high with the 3D electrode structure with nano wires 
that are grown on fuel cell backings like carbon paper. Finally, doping various 
elements into nanowires can be easily carried out to improve electronic 
conductivity, corrosion resistance, and thermal stability. Therefore, it is expected 
that integrated three-dimensional, nanowire-based, fuel cell electrodes will be ideal 
materials for providing a higher catalytic performance, higher catalyst utilization, a 
more efficient mass transport, and a longer fuel cell operational life. In 
collaboration with General Motors, Sun’s group at the University of Western 
Ontario is exploring this direction in detail. 

In 2007, Saha and co-workers [140] reported their studies on the metal catalysts 
supported on Sn0 2 NWs prepared by the electrochemical deposition method. The 
uniqueness of the work compared to previous work reported in the literature is that 
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they were able to grow Sn0 2 NWs directly on the carbon fibers of the carbon paper 
by a thermal evaporation method, followed by electrodeposition of the Pt 
nanoparticles onto the Sn0 2 NWs [140]. Their novel process ensures that all the 
deposited Pt particles are in electrical contact with the external electrical circuit. 
The results from this study are the first demonstration of Sn0 2 NWs-based 
composite electrodes consisting of Pt nanoparticles supported on Sn0 2 NWs grown 
on carbon paper. Figure 14.18 shows the SEM and TEM images of the Sn0 2 NWs 
grown on a commercially available carbon paper backing used in fuel cell 
applications. As shown in Figure 14.18(a), a thin layer of high-density Sn0 2 NWs 
completely covers the surface of the carbon fibers in the carbon paper. The length 
of the Sn0 2 NWs is in the range of 20 to 30 pm. Figure 14.18(c) presents the TEM 
image of the Pt nanoparticles electrochemically deposited on the Sn0 2 NWs. Pt 
nanoparticles with a size of 4-6 nm can be observed clearly on the surface of NWs. 
Their results showed that higher electrocatalytic activities of the Pt/Sn0 2 
NWs/carbon paper composite electrode for both the oxygen reduction reaction and 
the methanol oxidation reaction have been achieved in comparison with standard 
Pt/C electrode. The higher electrocatalytic activities are attributed to the enhanced 
properties achieved by combining Pt nanoparticles with the Sn0 2 NWs supports as 
well as the three-dimensional composite electrode structure. Such a hierarchical 
electrode with the combined properties will have potential applications for fuel 
cells. 

At 3M Inc., a new class of support material, nanostructured thin film (NSTF), 
for PEM fuel cell applications has recently been developed [141, 142]. The NSTF 
support layer consists of a monolayer of oriented, crystalline, organic, whiskers 
structure that are obtained by thermal sublimation and the subsequent annealing of 
a red organic pigment. Catalysts are coated on top of the whiskers by chemical 
methods or by a vacuum deposition processes like sputtering, so as to encapsulate 
them with a polycrystalline thin film [141]. Figure 14.19 shows SEM images of the 
NSTF catalyst coated whiskers, roll-good fabricated by an all dry continuous 
process, prior to incorporation onto the surfaces of a PEM to form a catalyst coated 
membrane. The NSTF catalysts are comprised of high aspect ratio, elongated 
particles formed by vacuum coating catalyst thin films onto a monolayer of 
oriented, crystalline, organic whiskers [143]. The organic whiskers are highly inert 
thermally, chemically, and electrochemically. The thin film catalyst coating 
encapsulates the crystallized pigment whisker support particles, eliminating issues 
with oxidatively unstable supports. The thin film catalyst coatings consist of 
relatively large crystallite domains of nanoscopic particles, which give to the NSTF 
catalysts enhanced specific activity and resistance to loss of surface area by Pt 
dissolution [141, 142]. Most notable is the five-fold or greater gain in specific 
activity of the NSTF catalysts over high surface area dispersed Pt/carbon. 
However, one disadvantage with NSTF catalyst is its large Pt particle size (10-15 
nm) and low electrochemical surface area (10 m 2 /g Pt ). 
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(a) 


(b) 


(c) 


Figure 14.18. SEM and TEM micrographs of Sn0 2 NWs grown oil carbon fibers of carbon 
paper by thermal evaporation method, (a) SEM image showing frill coverage of Sn0 2 NWs 
on fibers of carbon paper. (Inset) Fibers of bare carbon paper, (b) TEM image showing 
individual Sn0 2 NWs. (c) TEM images showing Pt nanoparticles electrochemically 
deposited onto Sn0 2 NWs. (Inset) Pt nanoparticles deposited onto a single Sn0 2 NW [70], 
(Reprinted by permission of ECS—The Electrochemical Society, from Saha MS, Li R, Cai 
M, Sun X. High electrocatalytic activity of platinum nanoparticles on Sn0 2 nanowire-based 
electrodes.) 
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Figure 14.19. Scanning electron micrographs of typical NSTF catalysts as fabricated on a 
microstructured catalyst transfer substrate, seen (top) in cross-section with original 
magnification of x 10, 000, and (bottom) in planview with original magnification of x 50, 
000. The dotted scale-bar is shown in each micrograph [141]. (Reprinted from Journal of 
Power Sources, 161(2), Debe MK, Schmoeckel AK, Vernstrom GD, Atanasoski R, High 
voltage stability of nanostructured thin film catalysts for PEM fuel cells, 1002-11, ©2006, 
with permission from Elsevier.) 

14.3.5 Methods of Functionalizing of Carbon Nanotubes and Nanofibers- 
based Fuel Cell Electrodes 

Much research has been conducted in the past decade in studying surface 
modification of carbon nanotubes. These efforts basically fall into two categories: 
covalent and non-covalent modification. Covalent surface modification of the 
reinforcing material involves a permanent change to the material surface such that 
it is functionalized with reactive groups which can later form a covalent bond with 
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another molecule [144, 145]. Non-covalent surface modification does not involve 
the formal chemical bond formation of a molecule and the surface of CNT. 
Examples of this type of interaction include Van der Waals forces, electrostatic 
forces, hydrogen bonding, and other attractive forces [146]. 

14.3.5.1 Co valent Functionalization 

Surface Oxidation 

Among various methods of functionalization, surface oxidation is probably the 
most widely used [147]. This treatment of CNTs can be performed by using 
different oxidants such as HN0 3 , H 2 S0 4 , KMn0 4 , K 2 Cr 2 0 7 and H 2 0 2 [148-151]. 
The surface modification of CNTs could also be performed via an electrochemical 
method [94, 152]. As a result of this treatment, the aromatic conjugate ring system 
of the CNTs surface can be modified and the CNTs can be functionalized with 
functional groups such as hydroxyl (-OH), carboxyl (-COOH) and carbonyl (- 
C=0) [66, 153], These surface functional groups have strong attraction forces 
toward metal ions than cling to the CNTs surface and some even have ion- 
exchange capabilities, such as the formation of carboxylic acid groups. Therefore, 
these surface functional groups serve as metal-anchoring sites to facilitate metal 
nuclei formation and electrocatalysts deposition. The chemical interaction between 
anchoring catalyst metal ions with a CNT functional surface could be proposed as 
following equation [147]: 

CNT-COOH + M + X“—» CNT-COCrM + + HX (14.3) 

where the carboxylic group on the CNT surface exchanges a proton with a metal 
ion (M + ). 

The influence of the surface treatment on the deposition of Pt nanoparticles was 
investigated by Rajalakshmi et al. [66]. They functionalized the surface of CNTs 
by sonication and pre-treatment with 70% nitric acid. Compared with untreated 
CNTs, more uniform distribution of Pt nanoparticles of size about 3-5 nm was 
obtained for surface treated CNTs. The particle size of Pt may be correlated with 
the oxidation of CNTs, indicating that the efficient deposition of Pt nanoparticles is 
due to a strong interaction between the metal salt precursor and the functional 
surface group of oxidized CNTs. The Pt nanoparticles catalysts supported on CNTs 
were tested in a polymer electrolyte membrane fuel cell to test the oxygen 
reduction reaction. The electrode prepared with a catalyst pre-treated with TINO3 
gave a cell voltage of 680 mV at 500 mA/cm 2 , whereas the other electrodes with 
catalysts treated by sonication gave a 40 mV lower performance. 

Xu and co-workers [149] also investigated the effect of the treatment process 
on the deposition of Pt-nanoparticles onto CNTs. They found that the refluxing 
with the mixture solution of H 2 S0 4 and TINO3, and the immersion in the H 2 0 2 
solution are effective pretreatment methods for the depositing of Pt nanoparticles 
on the CNT’s surface. The hybrid process, a treatment process with a H 2 0 2 
solution after the refluxing with the mixture solution of sulfuric and nitric acids, 
brought about the best effectiveness and obtained Pt-nanoparticles with a size of 3 
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nm on the CNT’s surface, which exhibited the best catalytic properties in the PEM 
fuel cell. 

Yu and co-workers [105] treated CNTs by using mixed acids (HN0 3 -H 2 S0 4 ). 
They proposed a mechanism of Pt deposition on the CNTs as shown in Figure 
14.20. When CNTs are refluxed with a mixture of TINO3-H2SO4, the surface 
graphitic layers of CNTs would react with the oxidants and produce a high density 
of various surface functional groups, such as carboxyl, carbonyl and phenolic 
groups. Upon the Pt ions introduction into the system, they would interact with and 
attach to these surface functional groups through an ion-exchange or coordination 
reaction and serve as nucleation precursors. Upon reduction of the surface Pt 21 ions 
by hydrogen, a well-dispersed deposition of the Pt metal nanoparticles on the 
surface of CNTs was obtained. 



Figure 14.20. A schematic diagram for the preparation of dispersion of Pt on CNTs surface 
[105], (Reprinted with pennission from Chem Mater 1998;10:718-22. Copyright 1998 
American Chemical Society.) 

Sonochemical Treatment 

Sonochemical treatment can be considered as an effective method to functionalize 
the CNT’s surface [153, 154]. For example, Xing et al. [153] have shown that Pt 
nanoparticles deposited on sonochemically treated CNTs produce a much higher 
catalytic activity than those supported on carbon black when used in PEM fuel 
cells. In their experiment, the purified CNTs were added to a flask containing an 
acidic mixture of 8.0 M HNO3 and 8.0 M H2SO4. The flask was then placed in an 
ultrasonic bath which was kept at 60 °C for 2 h. The surface treated CNTs are 
centrifugally separated from the acids and then thoroughly washed with deionized 
water. Pt nanoparticles were deposited on the sonochemically treated CNTs by 
reduction of the Pt salt precursor in an ethylene glycol-water solution. 

Silane-assisted Treatment 

Several groups reported the chemical functionalization of CNTs using silane 
coupling agents [69, 155-157]. For example, Dodelet and his co-workers [155] 
used a silane derivative to functionalize the CNTs surface with SO3H 
functionalities for the deposition of Pt nanoparticles. The deposition of the Pt 
particles was carried out by immersing the CNTs in a solution containing PtCl 2 , 
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silane derivative and water in ethanol [155] . Upon hydrolysis, the silane derivative 
formed a sulfonic acid-silicate, permitting the exchange of H 1 for the Pt 2 ions. 
After 2 h of immersion, the CNTs with the Pt precursor were removed from the 
solution and chemically reduced in a flow of H 2 and Ar. Figure 14.21 shows the 
TEM images of Pt nanoparticles deposited on CNTs in the absence and the 
presence of the silane precursor. It was observed in Figure 14.21(b) that the 
functionalization of CNTs with silane derivative facilitates the uniform deposition 
of Pt on the CNT’s surface. Much smaller Pt particles (1.2±0.3 nm) are obtained 
when Pt ions are dispersed on CNTs using the silane derivative procedure to 
adsorb Pt ions onto the nanotubes. 



Figure 14.21. Transmission electron micrographs of Pt nanoparticles deposited on 
MWCNTs. (a) In the absence of the silane precursor; (b) in the presence of the silane 
precursor; (c) higher magnification TEM of (b) [155], (Reprinted from Chemical Physics 
Letters, 379(1-2), Sun X., Li R., Villers D., Dodelet J P, Desilets S, Composite electrodes 
made of Pt nanoparticles deposited on carbon nanotubes grown on fuel cell backings, 99- 
104, ©2003, with permission from Elsevier.) 
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Ionic Liquids Treatment 

Zhao et al. [158] described a method to functionalize the CNTs surface by using 
ionic liquids. The Pt nanoparticles catalysts supported on CNTs were prepared 
from a microwave heated, ethylene glycol solution with ionic liquids. They 
reported that the electrochemical surface area of Pt the nanoparticles supported on 
ionic liquids treated CNTs is 21% higher than the commercial Pt/C catalyst. 

Electrochemical Modification 

The surface of CNTs can be functionalized by covalent-bond formation via 
electrochemical coupling of aromatic diazonium salts and phenyl residues [159, 
160]. For example, Guo and co-workers [94] developed a method for deposition of 
Pt nanoparticles through covalent modification of CNTs with 4-aminobenzene as 
shown in Figure 14.22. They first grafted an ordered 4-aminobenzene monolayer 
onto the CNT’s surface by electro-reduction of 4-nitrobenzenediazonium 
tetrafluoroborate by cyclic voltammetry. Then PtCl,, 2 was adsorbed onto the 4- 
aminobenzene monolayer-modified CNT’s surface by electrostatic interaction. 
Finally, Pt nanoparticles could be obtained through pulsed potentiostatic reduction. 
They concluded that modifying a 4-aminobenzene monolayer on a CNT surface 
has several advantages: (1) The 4-aminobenzene group is modified on a CNTs 
surface via a C-C covalent bond which is strong and suitable as substrate for the 
deposition of nanoparticles, (2) Covalent bonding of two-dimensional 4- 
aminobenzene on a CNT’s surface provides a uniform functional surface, which 
can effectively prevent the desired nucleation process on the CNTs surface and (3) 
The specific electrostatic interaction between the substrate and the adsorbed atom 
can cause particle size distributions to be considerably narrower than in the case of 
random nucleation. 
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Figure 14.22. A schematic diagram for the preparation of dispersion of Pt on CNTs surface 
[94], (Guo D-J, Li H-L. High dispersion and electrocatalytic properties of platinum on 
functional multi-walled carbon nanotubes. Electroanalysis 2005;17:869-72. ©Wiley-VCH 
Verlag GmbH & Co. KGaA. Reproduced with pennission.) 
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14.3.5.2 Noncovalent Functionalization 

Noncovalent functionalization of CNTs is particularly attractive because it offers 
the possibility of attaching chemical handles without affecting the electronic 
network of the tubes [161, 162]. A various species of polymers [163, 164], 
polynuclear aromatic compounds [165], surfactants [166, 167] and biomolecules 
[168] can nonspecifically bind with the external surface of CNTs without using 
their covalent coupling. The noncovalent interaction is based on van der Waals 
forces or /T-/r-stacking interactions [145, 169, 170]. Yang et al. [169] reported a 
method for the functionalization of CNTs with benzyl mercaptan as a interlinker 
for Pt nanoparticles. Figure 14.23 presents a schematic of benzyl mercaptan 
attached to CNTs. In their experiment [169], the CNTs were dispersed in deionized 
water and sonicated for 1 h to separate the nanotubes. Then the CNTs were mixed 
with benzyl mercaptan dissolved in ethanol, and then the solution was sonicated 
for 30 minutes to obtain a well-dispersed CNT mixture. The Pt nanoparticles were 
deposited either by evaporation in the preparation chamber with an electron-beam 
evaporator or by the addition of separately produced nanoparticles which were 
prepared by the wet chemical reduction of equal volumes of H 2 PtCl 6 by HCOOH. 
The functionalized CNT surface interacts strongly with Pt nanoparticles through 
the formation of Pt-S bonds and results in a very high Pt nanoparticle loading both 
high dispersion and a narrow size distribution. 


SB SB SB SB 



(a) 


Pt nanoparticles 



(b) 


Figure 14.23. Schematics of (a) a CNT functionalized with benzyl mercaptan via K-n 
bonding and (b) the bonding of Pt nanoparticles to the functionalized CNT via covalent S-Pt 
bond formation [169], (Reprinted with permission from Chem Mater 2006;18:5033-38. 
Copyright 2006 American Chemical Society.) 


14.3.5.3 Nitrogen Doped Carbon Nanotubes as Surface Modification 
The chemical modification of the surface of CNTs by acid treatment considerably 
reduces the mechanical and electronic performance of the tubes due to the 
introduction of large numbers of defects. The doping of CNTs with other elements 
(e.g., nitrogen) could be a particularly interesting way to modify their electrical and 
mechanical properties [120, 171, 172]. The additional electrons contributed by the 
nitrogen atoms provide electron carriers for the conduction band [173]. Nitrogen- 
doped nanotubes were found to be either metallic or narrow energy gap 
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semiconductors [174, 175], thus offering the possibility of greater electrical 
conductivity as compared to pure carbon nanotubes. Recently, nitrogen-doped 
CNTs (N-CNTs) were reported as being used as support materials in fuel cell 
catalysts, utilizing their enhanced dispersion of Pt nanoparticles [117, 118, 121, 
176-179]. N-CNTs contain nitrogenated sites (substitutional and pyridinic 
nitrogen) that are chemically active. Therefore, it should be possible to avoid 
functionalization processes that use strong acid treatments, and it is relatively easy 
to deposit metal catalysts onto N-CNTs [117, 118, 121, 176, 177]. For example, 
Maiyalagan et al. [121] used N-CNTs as supports for Pt electrocatalysts and 
applied them for methanol oxidation reaction. They observed that the Pt particles 
were homogeneously dispersed on the nanotubes with particle sizes of 3 nm. An 
enhanced catalytic activity and stability toward methanol oxidation on Pt/N-CNTs 
as compared with commercial E-TEK Pt/C was observed. The enhanced 
electrocatalytic activity of Pt nanoparticles supported on N-CNTs was tentatively 
attributed the following factors which still require further investigation: (1) higher 
dispersion of Pt nanoparticles on the N-CNTs increases the availability of an 
enhanced electrochemically active surface area, (2) appearance of the specific 
active sites at the metal-support boundary and, (3) strong and specific metal- 
support interaction. 


14.4 Activity Validation of the Synthesized Catalysts in a Fuel 
Cell Operation 

Many studies have examined various aspects of PEM fuel cell performance as a 
function of operating conditions [180-182]. Gottesfeld wrote an excellent review 
of PEM fuel cells components and operation [183]. In addition to experimental 
characterization, much research has focused on first-principles-based modeling of 
the PEM fuel cells [184, 185]. Polarization occurs during operation of PEM fuel 
cells and it dramatically influences both the performance and the 
commercialization of the technology. In order to systematically improve the 
efficiency of the fuel cell, a better understanding of the reactions and mass 
transport in the cell is essential. In this section, the improvement of the MEA 
performance based on CNTs and CNFs catalysts will be discussed. 

14.4.1 Fabrication of Membrane Electrode Assembly for Carbon Nanotubes 
and Nanofibers-based Catalysts 

The membrane electrode assembly (MEA) is the core of the PEM fuel cell, where 
the chemical energy of the fuel (i.e., hydrogen) is converted into electricity through 
the electrochemical oxidation of fuel at the anode and the electrochemical 
reduction of oxygen at the cathode. The structure of the MEA in a single PEM fuel 
cell is shown schematically in Figure 14.24. The MEA consists of a proton 
exchange membrane, anode and cathode electrodes, and anode and cathode gas 
diffusion layers (GDL). Typically, these components are fabricated individually 
and then pressed together at high temperatures and pressures. Generally, two 
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different procedures are used to fabricate the MEA: the so-called gas diffusion 
layer (GDL)-based method and the membrane-based method [186]. The GDL- 
based method implies that the catalyst ink is directly painted or sprayed onto the 
pre-treated GDL and then hot pressed onto the membrane. Fabricating the MEA 
with the membrane-based method usually consists of spraying the catalyst ink 
directly onto a dry and fixed membrane, which is then sandwiched between two 
GDLs and followed by a hot pressing step. 



^-Gas Channel Current Collector 

Figure 14.24. Schematic of a single typical proton exchange membrane fuel cell 

The MEA with CNT-based electrocatalysts are usually prepared by using the 
conventional process of pasting mixed catalysts supported on CNTs and Nation' 
solution onto a gas diffusion layer [63, 71, 81, 187, 188]. The method consists of, 
first, preparation of the catalyst ink by ultrasonicating appropriate amounts of Pt 
supported on CNTs, Nafion solution and isopropyl alcohol [188]. The sluny was 
then coated on the gas diffusion layer by the brush method and dried at 80 °C. The 
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gas diffusion layer of the electrodes consisted of carbon powder with 
polytetrafliioroethylene, deposited onto a carbon cloth or paper substrate. Finally, a 
thin layer of Nafion solution was spread onto the surface of the electrode. The 
MEA was prepared by placing the above electrodes on the both sides of the pre¬ 
treated Nafion membrane, followed by hot pressing. For example, Li and co¬ 
workers [189] have prepared electrodes from a mixture containing Pt catalysts 
supported on CNTs, Nafion solution and distilled FI 2 O, which was then 
ultrasonically blended for 1 h. The mixture was spread uniformly across the 
surface of a carbon paper substrate which was previously hydrophobically treated. 
The MEA was prepared by sandwiching a Nafion membrane between the anode 
and cathode. They found a higher activity in the oxygen reduction reaction and 
better performance of the direct methanol fuel cell when compared to the catalyst 
supported on commercial carbon [189]. 



Nafion 


Figure 14.25. CNT-based membrane electrode assembly for a PEM fuel cell [190], 
(Reprinted with permission from Langmuir 2005;21:8487-94. Copyright 2005 American 
Chemical Society.) 


Girishkumar and co-workers [190] reported a preparation procedure for the 
MEA using CNTs as a support for PEM fuel cells. A schematic representation of 
their CNT-based proton exchange membrane assembly for a FI 2 /O 2 based fuel cell 
is shown in Figure 14.25. In their experiment, an electrophoretic deposition 
technique was employed to cast films of CNTs on carbon fiber paper. Two carbon 
paper electrodes are kept ~5 mm apart in a cell containing a CNT suspension in 
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tetrahydrofuran. When a DC voltage of ~40 V was applied, a slow movement of 
CNTs from the suspension toward the positive electrode and the assembly of 
CNTs, as a film on the carbon fiber electrode, was observed. The thickness of the 
films was controlled by vaiying the time of electrophoretic deposition. A second 
electrophoresis step was used to deposit the Pt catalysts on the CNT film. The 
MEA was fabricated by hot pressing the cathode and anode electrodes on either 
side of the pretreated Nafion membrane. For an eventual fuel cell application, this 
method has the additional advantage that they can control the loading of carbon 
support and catalysts by simply varying the time and DC voltage used in the 
electrophoretic procedure. They observed that the loading of CNTs on the anodes 
has an effect on the power densities. The CNT-based MEA exhibits higher power 
density than carbon black at a higher anodic back pressure. 

Li and co-workers [191] have developed a simple filtration method for the 
preparation of an oriented array of Pt supported on a CNT film for PEM fuel cells. 
They deposited the Pt nanoparticles on the CNTs before the film formation and 
then used filtration as a means to form an oriented film of Pt/CNTs on the Nafion 
membrane, which is then used as the catalyst layer in the fabrication of the MEA 
for PEM fuel cell. Figure 14.26 shows a schematic diagram of the fabrication 
process for the oriented Pt/CNT-film-based MEA. Pt particles were deposited on 
the CNT’s surface through a chemical reduction of H 2 PtCl 6 by ethylene glycol. The 
Pt/CNT combination was then filtered through 0.2-pm-pore hydrophilic nylon 
filter paper. The deposited film was then transferred onto a Nafion membrane by 
pressing the CNT-coated side of the filter onto the Nafion membrane. Finally, the 
oriented Pt/CNT-film-coated Nafion membrane, and a gas diffusion layer were hot 
pressed to obtain an MEA. A higher performance was achieved with oriented 
Pt/CNT-based MEA than Pt/C and non-oriented Pt/CNT-based MEAs. 
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Figure 14.26. Schematic of the fabrication process for the oriented Pt/CNT-film-based 
MEA [191]. (Reprinted with permission from Langmuir 2005;21:9386-89. Copyright 2005 
American Chemical Society.) 
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Recently, a new approach for composite electrode fabrication involving the 
growth of CNTs directly on the carbon fibers of a fuel cell baking with subsequent 
deposition of Pt nanoparticles was developed [65, 69, 70, 87, 155, 192]. Yan and 
co-workers [65, 87] described how CNTs that are grown directly on carbon paper 
could be used to fabricate an MEA. They first synthesized CNTs directly on carbon 
paper by chemical vapor deposition and then attached the Pt to the CNTs by 
electrodeposition. Then they applied a hydrophobic gas diffusion layer to the face 
of the CNT on the opposite side of the carbon paper. The gas diffusion ink was 
prepared by ultrasonicating the mixture of carbon black, polytetrafluoroethylene 
solution and isopropanol for 30 min. The carbon loading was approximately 2.5 
mg/cm 2 and was sintered at 350 °C in Ar for about 1 h. For fabricating the MEA, 
the cathode electrode was a CNTs-carbon paper composite while the conventional 
Pt/C electrode was used as the anode electrode. The CNT electrode backings were 
hydrophobically treated by spraying them with a 1 mg/cm 2 PTFE/Vulcan XC72 
mixture (1:3 weight ratio in 2-propanol). The MEA was heat-pressed at 140 °C, 
first at 500 lb for 1 min, then at 950 lb for 40 s. 

14.4.2 Performance of Carbon Nanotubes and Nanofibers Membrane 
Electrode Assembly 

Many research groups have reported the fuel cell performance of Pt nanoparticles 
supported on CNTs at the cathode of FE/CT fuel cells or direct methanol fuel cells 
[63, 65, 66, 68, 69, 71, 81, 87, 188, 189, 191-193]. It has been shown that the 
performance of a CNT-based MEA is better than that of conventional Pt/C MEA 
[65, 71, 81, 189, 191-193]. For example, Matsumoto and coworkers [193] 
conducted the fuel cell tests of the MEA with CNTs used as a support for Pt 
catalysts at the cathode. The authors concluded that enhancements in PEM fuel cell 
performance are observed by using the CNT cathode in comparison to a 
conventional carbon cathode in a low current density region (Figure 14.27). The 
voltage drop above 400 mA/cm 2 was ascribed to the proton diffusion. 

Saha and co-workers [70] developed a synthetic method to deposit Pt 
nanoparticles on CNTs that were grown on commercially-used carbon paper by the 
reduction of the Pt precursor with glacial acetic acid. Figure 14.28 shows the single 
cell performance for the MEA made with a CNT-based electrode as the cathode 
and standard E-TEK electrode as the anode for FI 2 /O 2 fuel cells. Compared with the 
standard Pt/C electrode, the CNT-based electrode exhibited higher single-cell 
performance in a H 2 /O 2 fuel cell. At a fixed cell voltage of 0.6 V, the current 
density of the Pt/CNT/carbon paper composite is 1.58 A/cm 2 which is 27 % higher 
than the standard E-TEK electrode (1.16 A/cm 2 ). The corresponding power 
densities normalized on the basis of Pt loading were 2.19 W mg _1 P t (Pt/CNT/carbon 
paper composite) and 1.42 W/mg Pt (standard E-TEK electrode) at 0.6 V, showing a 
significant increase in the power density of about 0.77 W/mg P , for the 
Pt/CNT/carbon paper composite. It is clearly evident that the current density at 900 
mV (/'900 mv) for the Pt/CNT/carbon paper composite is significantly higher than the 
E-TEK electrode (approximately 66%), which can be attributed to the improved 
dispersion of Pt nanoparticles on the CNT’s surface and to the 3D structure of 
CNT-based electrodes. 
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Figure 14.27. Performance of the Pt/CNT and the Pt/CB electrodes, (a) Current density-cell 
voltage curves, (b) Power density-current density curves [193], (From Matsumoto T, 
Komatsu T, Arai K, Yamazaki T, Kijima M, Shimizu FI, et al. Reduction of Pt usage in fuel 
cell electrocatalysts with carbon nanotube electrodes. Chem Commun 2004:840-1. 
Reproduced by permission of The Royal Society of Chemistry.) 
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Figure 14.28. (a) Polarization characteristics of the MEAs fabricated with of CNTs 
electrode (0. 42 mg Pt /cnr) and standard E-TEK electrode (LT140E-W; 0.5 mg Pt /cm 2 ) as 
cathode electrodes for EE/Cb at 80 °C, Nation® 112 membrane, 25/30 psig anode and 
cathode back pressure. Anode electrodes were E-TEK electrode with 0.5 mg Pt /cm 2 . (b) IR 
corrected Tafel plots for comparison of kinetic parameters [70], (Reprinted from Journal of 
Power Sources, 177(2), Saha MS, Li R, Sun X, High loading and monodispersed Pt 
nanoparticles on multiwalled carbon nanotubes for high perfonnance proton exchange 
membrane fuel cells, 314—22, ©2008, with permission from Elsevier.) 

Yan and co-workers [65] conducted polarization curve measurement in a PEM 
fuel cell with CNT-based electrodes. They found an improved polarization 
behavior for the CNT-based MEA throughout the whole potential range compared 
to the conventional Pt/C MEA. In activation controlled regions, the measured 
current density for the CNT-based electrode is higher than that of the conventional 
electrode (e.g., 153 mA/cm 2 vs. 98 mA/cm 2 at potential of 0.8 V), indicating that 





700 X. Sun and M.S. Saha 


the CNT-based electrode showed a higher activity toward oxygen reduction. The 
authors attributed the enhanced activity of the oxygen reduction to the unique 
structure of CNTs. According to Britto et al. [194], the CNT has improved charge 
transfer and better electrical conductivity than carbon black. They also observed 
that the improvement in cell potential and power density is more significant at 
higher current density regions, indicating a better mass transport for the CNT- 
based electrode. 


14.5 Stability of Carbon Nanotubes and Nanofibers-based Fuel 
Cell Electrodes 

Understanding the long-term stability of the PEM fuel cell is of crucial importance 
as this technology approaches its commercialization stage. In order to meet the 
requirements for commercial applications, a long life over 40, 000 hours (= 10 
years in the daily start and stop (DSS) mode) is required for PEM fuel cell stacks in 
the stationary cogeneration systems and at least 5, 000 h (equivalent to 150, 000 
driven miles) for automotive conditions [195]. Therefore, performance degradation 
of PEM fuel cells and the degradation of the component materials has attracted 
extensive attention in recent years [196, 197]. However, the failure modes for PEM 
fuel cells are not well documented and the degradation causes and mechanisms are 
not fully understood [198]. Recently, Borup et al. [10] reviewed the current 
understanding of PEM fuel cell degradation. Another review by Shao et al. [199] 
described the state-of-art understanding of the durability issues of Pt based 
catalysts under real or simulated PEMFC conditions. The approaches to improve 
catalyst durability and the methods for studying these issues are also discussed. It 
has been found that the degradation of the fuel cell performance is primarily due to 
the decay of the membrane-electrode-assembly (MEA) [200-202]. Variation of 
parameters such as overpotential (under conditions of variable load, and fuel 
starvation), start-up and shutdown, working temperature and relative humidity, etc. 
can severely effect the catalyst durability. Platinum particle sintering in carbon 
black used as a support for platinum catalysts can be seen during cell operation 
[203]. Impurity ions affect the membrane proton conductivity and oxygen 
reduction kinetics [204, 205]. Hydrogen peroxide formation, which is formed 
electrochemically and chemically during operation, is one of the potential 
deteriorating factors of PEMFC [206]. Electrochemical oxidation of the carbon 
support to C0 2 and, to a lesser extent, CO, has been reported to occur at the 
cathode of a fuel cell [207]. In this section, the stability enhancement of the 
catalysts support and investigation methodologies will be discussed. 

In the state of the art PEM fuel cell, carbon black is normally used as the 
support materials for catalysts. But carbon support is subject to degradation under 
chemically and electrochemically oxidizing conditions [207-210]. Roen et al. 
[209] observed catalyzed oxidation of carbon black in PEM fuel cells. It was 
proposed that CO would adsorb on Pt particles below 0.6 V and it was 
subsequently oxidized. In an another study, Kangasniemi et al. [208] observed 
progressive oxidations of carbon black in H 2 SO 4 , which may indicate that inside 
oxidations of carbon black support may have occurred. Therefore, considerable 
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efforts have been made to the development of new carbon support materials to 
improve electrode stability [10]. Carbons with a high graphitization degree as 
support materials and alloying Pt with some other metals are proved to be effective 
ways to improve the catalyst durability. Compared with carbon black, a higher 
durability of carbon nanostructure materials [211], e.g., CNTs and CNFs-based 
electrodes, has been revealed recently [212, 213]. Several research groups have 
reported that CNTs are more resistant to electrochemical oxidation than carbon 
black with and without Pt on them [ 8 , 212, 214, 215]. As discussed in a review of 
CNTs for catalysis applications [216], the orientation of the graphene sheets and 
pretreatments can influence the nature of the surface and, consequently, the 
interaction with the catalysts. The nitrogen atom incorporated in CNTs is expected 
to improve the durability of the resultant catalysts because of the enhanced 71- 
bonding [217, 218] and the basic property [219], which are due to the strong 
electron donor behavior of nitrogen [ 220 , 221 ]. 

In the carbon-supported, Pt catalyst, the interaction is attributed to the presence 
of a Pt-support electronic effect. The specific metal-support interaction is through 
the electron transfer from the Pt clusters to the oxygen atoms of the surface of the 
support [222]. In many cases, chemical bonds are formed or charge transfer takes 
place between the contacting phases. The Pt-carbon support interaction is 
considered to be beneficial to the enhancement of the catalytic properties and to 
improve the stability of the electrocatalyst [223, 224]. 

The long-term operation data obtained from a fuel cell under real operating 
conditions is very useful for the performance evaluation of a fuel cell in terms of 
the durability. In industry, three methodologies are always used for the PEM fuel 
cell durability studies. One major method involved in long-term durability studies 
in PEM fuel cells has been the so-called post-mortem examination of individually 
boiled components. Another common approach within the industry is to operate a 
cell or stack for a given period of time, and then disassemble the components for 
post-mortem examination. Durability data is often accumulated in bulk to 
determine the expected power loss over time and sources of catastrophic failure for 
prototypes or nearly commercial ready sets of components. However, testing of 
fuel cells for lengthy periods of time is time-consuming and also costly [225]. 
Thus, the so called accelerated degradation test (ADT) is commonly used to study 
the degradation behaviors [226, 227]. To date, four different accelerated 
parameters or a combination of these parameters have been employed in 
accelerated life testing: ( 1 ) thermal degradation under hot air conditions, ( 2 ) 
reduced humidity, (3) open-circuit cell operation and (4) electrochemically forced 
aging under simulated cell conditions. Most of the methods relied on the traditional 
carbon support. Only a few publications are available regarding durability 
investigation of CNTs as a catalyst support for PEM fuel cells [ 8 , 212, 213]. For 
example, Shao et al. [212] investigated the durability of CNTs used as a support for 
Pt catalysts using an ADT test in a three-electrode cell setup. They first prepared a 
gas diffusion electrode (GDE) by spraying the catalytic ink on the hydrophobized 
carbon paper. Then the GDE as the working electrode was held vertically in a 
chamber filled with 0.5 mol/L H 2 SO 4 , with the catalyst layer exposed to the 
electrolyte solution. This mimics the environment of the electrode membrane 
interface in PEM fuel cells. A fixed potential of 1.2 V vs. a reversible hydrogen 
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electrode was applied to the working electrode for 192 h. Cyclic voltammetry was 
used to characterize the electrochemical surface area, which can be determined by 
the charge of the hydrogen adsorption/desorption region. The electrochemical 
surface area of Pt/C degrades by 49.8% during the 192 h test time, compared with 
26.1% for Pt/CNTs, which is due to Pt particle growth and Pt loss from the support 
in the form of Pt ions and Pt particles. 

The durability of CNTs under conditions simulating the cathode environment 
of the PEMFC was examined by Wang and coworkers [213]. In their experiment, 
Pt nanoparticles supported on CNTs were immersed in an N 2 purged H 2 S0 4 
solution and applied a potential of 0.9 V for different durations at 60 °C. The Pt 
surface area was then determined by integrating the hydrogen desorption peak of 
the cyclic voltammogram, after correcting for double layer charging current. They 
found that almost 80% of Pt surface area was lost for carbon black after 168 h of 
oxidation treatment, while only 37% loss was observed for CNTs. Furthermore, 
most of the surface area loss for the case of the MWNT occurs within 72 h, and 
after 72 h the rate for the Pt area loss is very small indicating that CNTs could 
potentially provide much higher durability than carbon black. 


14.6 Conclusions and Future Perspective 

This chapter reviewed various one-dimensional catalyst supports including carbon 
nanotubes, carbon nanofibers and metal oxide nanowires as replacement of carbon 
black support to increase the utilization of platinum and enhance the durability of 
electrodes in fuel cells. 

In recent years, interest in the development of PEM fuel cells have considerably 
increased and the commercial potentials to become the power plant for the next 
generation and nonpolluting automobile engine have been viewed. Although PEM 
fuel cells have begun to move from the demonstration phase to commercialization 
due to the impressive research effort in recent years, significant challenges 
including high materials cost and the low stability of the electrodes remain to be 
solved [228]. The platinum used as an electrocatalyst is one of the most expensive 
materials for the fuel cell electrode. Therefore, a lot of work has been devoted to 
lowering the amount of platinum used in electrodes. However, it is necessary to 
obtain a more effective catalyst, both in catalytic performance and electric 
conductivity. To achieve a higher efficiency of the electrocatalyst, platinum has to 
be well dispersed on the support. For this reason, it is desirable that the support 
material provides a suitable specific area and surface chemistry as well as a good 
electrical conductivity. In the state of the art PEM fuel cells, the microporous 
carbon blacks, such as Vulcan XC72 have been most frequently used as supports of 
the electrocatalysts. Despite its widespread use, high surface-area carbon support in 
PEM fuel cell electrodes is susceptible to corrosive conditions, which include low 
pH, high potential, high humidity, and high temperatures. 

Recently, novel carbon nanostructure materials such as single-wall carbon 
nanohorns, carbon nanofibers (CNFs) and carbon nanotubes (CNTs) have been 
proposed as promising support materials for PEM fuel cell catalysts [80]. The main 
reason for using CNTs as a support for Pt catalysts is to improve the 
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electrocatalytic activity and reduce the usage of the platinum catalyst. In this 
chapter, we presented an overview of the processing techniques used to synthesize 
the nanostructures including CNTs, CNFs and nanowires (NWs). We then 
discussed the methods by which Pt nanoparticles can be deposited onto the 
nanostructures and the major challenges in the synthesis of CNTs and CNFs- 
supported Pt electrocatalysts. 

The effective attachment of Pt nanoparticles uniformly dispersed onto CNTs or 
CNFs remains a difficult challenge because of the inertness of their surface. 
Therefore, CNTs’ surfaces need to be functionalized in order to obtain reactive 
sites for the adhesion of Pt metal particles. We presented some of the recent 
advances in the development of reliable methods for the chemical functionalization 
of the CNTs. The doping of CNTs with other elements (e.g., nitrogen) could be a 
particularly interesting way to modify their electronic and mechanical properties. 
Particularly, nitrogen-doped CNTs contain nitrogenated sites (substitutional and 
pyridinic nitrogen) that are chemically active. Therefore, it should be possible to 
avoid functionalization processes that use strong acid treatments, and attach Pt 
nanoparticles onto the nitrogen-doped CNTs. 

We presented the use of metal oxide NWs as a catalyst support for PEM fuel 
cells. It was reported that the nanowire-based electrode exhibited higher 
electrocatalytic activity both for the oxygen reduction reaction and the methanol 
oxidation reaction as well as enhanced the CO tolerance in comparison to a 
standard Pt/C electrode [140], Therefore, it is expected that integrated three- 
dimensional nanowire-based fuel cell electrodes will be ideal materials for 
providing a higher catalytic performance, higher catalyst utilization, efficient mass 
transport, and a longer fuel cell operational life. However, many challenges for 
nanowire-based support still remain such as improved electrical conductivity and 
corrosion resistance. 

We also discussed the durability issues of PEM fuel cell catalysts which have 
been recently recognized as one of the major barriers to the commercialization of 
fuel cells [10]. To use carbon with a higher graphitization degree as support 
materials and to alloy Pt with other metals can improve the catalyst durability. 
Compared with carbon black, several research groups have reported that the use of 
CNTs can be promising in effectively reducing the carbon corrosion problem 
[213]. 

The Pt-support interaction has been paid more and more attention to in the 
carbon support catalyst studies. This interaction has been considered to have an 
effect on the growth, the structure, and the dispersion of platinum particles on the 
carbon supports, thus providing potential benefits to the improvement of catalytic 
properties and the stability of the electrocatalyst [224]. 
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Non-noble Electrocatalysts for the PEM Fuel Cell 
Oxygen Reduction Reaction 


Kunchan Lee, Lei Zhang and Jiujun Zhang 


15.1 Introduction 

Proton exchange membrane (PEM) fuel cells, including direct liquid (methanol, 
ethanol, and formic acid) fuel cells (DLFCs), have drawn a great deal of attention 
in recent years as energy conversion devices, due to their high efficiency and 
low/zero emissions. It is generally recognized that one of the key advantages of the 
PEM fuel cell stack is its fitness for the automobile industry as a zero-emission 
power supply. But while great progress has been made in the last several decades 
in the research and development of PEM fuel cells [1-3], the major challenges 
hindering fuel cell commercialization, i.e., high cost and low durability, are still 
unsolved. One of the major contributors to cost is fuel cell catalysis (platinum (Pt)- 
based catalysts). Therefore, new alternative catalysts to reduce or replace 
expensive Pt are necessary. 

In this effort to reduce the cost of fuel cell catalysts, two major approaches are 
currently very active: Pt loading reduction and non-noble electrocatalyst 
exploration. In the case of Pt loading reduction [4], two principle avenues have 
been explored: 1) increase Pt catalytic activity and reduce Pt content through 
alloying with other transition metals such as Cr, Ni, Fe, Co, etc., and 2) improve Pt 
utilization by increasing the surface area and dispersion of Pt nanoparticles using 
high-surface carbon supports. The first approach can effectively create active alloy 
catalysts with strong activity towards the oxygen reduction reaction (ORR). 
However, there are many concerns about the long-term stability of these Pt-alloy 
catalysts due to the leaching of the non-noble metals in the fuel cell operating 
environment. This leaching causes the following problems: (a) catalytic activity 
degradation or loss, (b) degradation of membrane proton conductivity by metal 
ionic contamination, and (c) increase of catalyst layer resistance at the cathode. 
The second approach, to improve Pt utilization by evenly dispersing Pt 
nanoparticles on a high-surface carbon support, effectively reduces Pt loading. 
However, Pt particle size reduction is limited (> 2-3 nm), and further increasing 
the active surface area seems to be impossible [5]. For such supported Pt catalysts, 
the agglomeration of Pt nanoparticles is the major problem during fuel cell lifetime 
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testing. This agglomeration reduces the active Pt area, resulting in performance 
degradation in long-term operation. 

Most importantly, due to the limited global supply of Pt, which is in high 
demand for jewelry and other industries in addition to fuel cells, the price of Pt has 
dramatically increased in the last several decades. This suggests that all gains in 
reducing Pt loading for fuel cells will be offset by this price increase. It is thus 
debatable whether or not Pt load reduction is a solution for reducing fuel cell cost. 
Other precious metals such as Pd, Ir, and Ru, which also show catalytic activity 
towards the ORR and can be used as fuel cell catalysts, have also seen dramatic 
price rises in the last several decades. Clearly they are not suitable solutions either. 

In order to reduce fuel cell catalyst cost, alternative electrocatalysts that are 
both cost-effective and highly active must be developed. Non-noble catalyst 
development has become more and more intensive in recent years [6]. For 
example, perovskite-type and spinel-type oxides and tungsten carbides have been 
explored as alternative electrocatalysts to platinum. They show promising catalytic 
activities towards the oxygen reduction and hydrogen oxidation reactions. 
However, most of these catalysts demonstrate activity and stability in alkaline 
solutions. In a PEM fuel cell, which uses strong acidic electrolytes, these catalysts 
are not favorable. Currently, heat-treated transition metal macrocycles seem to be 
one of most promising non-noble electrocatalysts in strong acid electrolytes [7]. 
Although they show activity levels close to those of Pt-based catalysts for the ORR 
in acidic media, their level of stability is the major drawback when they are 
employed as PEM fuel cell catalysts. 

Non-noble catalysts should be the future catalysts for sustainable fuel cell 
commercialization. Despite several challenges, such as low catalytic activity, poor 
stability, and our present lack of fundamental understanding of the catalytic 
mechanism, non-noble catalysts are still very attractive because of their globe 
abundance and low cost. It is believed that in the face of urgent pressures to reduce 
environmental pollution and yet maintain or increase energy sources - in 
particular, the strong drive for fuel cell commercialization - non-noble catalyst 
exploration and development will intensify. Breakthroughs in the development of 
non-noble catalysts that exhibit strong performance and stability in fuel cell 
operation will come in the near future. In this chapter, we present the history of 
non-noble catalyst development, current progress and challenges, and future R&D 
directions. 


15.2. Transition Metal Macrocycles for the Oxygen Reduction 
Reaction 

In 1964, Jasinski reported his pioneering work on using cobalt phthalocyanine, 
adsorbed on carbon and nickel electrodes, as a promising catalyst for the reduction 
of oxygen [8]. Following Jasinski’s work, many other transition metal macrocyclic 
N 4 -complexes, including porphyrins, phthalocyanines, and tetraazannulenes, were 
also explored. The transition metals evaluated include Mn, Ru, Pd, Pt, Ir, Cr, Ni, 
Cu, Zn, Mo, Al, Sn, Sb, Ga, Na, Ag, vanadyl ion, as well as uranyl ion. All of these 
compounds show a certain level of electrocatalytic activity towards the ORR [6, 9]. 
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Among these catalysts, Fe- and Co-macrocyclic complexes have exhibited the 
highest electrocatalytic activity. These catalysts also have shown remarkable 
selectivity: they have no catalytic activity towards methanol oxidation. Since then, 
Fe- and Co-macrocyclic complexes have been extensively studied as the most 
promising ORR selective materials in the effort to replace expensive noble metal Pt 
catalysts for PEM fuel cell applications, including DMFC applications. 

With respect to the catalytic ORR mechanism, Beck et al. and Zagal et al. [10, 
11] proposed that the ORR catalyzed by transition metal N 4 -chelates mainly 
involves a modified “redox catalysis”. The first step in the mechanism is the 
adsorption of oxygen on the catalyst metal center to form an oxygen-catalyst 
adduct, followed by electron transfer from the metal center to bound O 2 . This 
adduct undergoes further reduction to give intermediate species like water or 
peroxide (which can be reduced further to generate water). The reduced N 4 - 


chelates will be regenerated to complete the catalytic cycling: 

XMe n +0 2 <^(XMe 8+ ...0 2 s -) (15.1) 

(XMe s+ ... 0 2 8 ) + H + ^ (XMe 111 ... 0 2 H) + (15.2) 

(XMe m .. .Odd) 1 + FI + + e'' —» XMe + intermediates (FI 2 0 2 ) (15.3) 

F1 2 0 2 + XMe —» FI 2 0 +1/2 0 2 (15.4) 


Further studies discovered that the activity and stability of such transition 
metal macrocyclic complexes could be significantly improved by heat treatment. 
For the last several decades, heat treatment has been employed to convert 
macrocyclic complexes to more active and stable catalysts for the ORR. Flowever, 
long-term stability still remains the problem. One hypothesis is that the hydrogen 
peroxide produced during the ORR process can attack the catalysts and damage 
their active sites, resulting in performance degradation. Fleat treatment can destroy 
the structure of the ligand and form surface Fe-N x or Co-N x species which are 
active towards the ORR [7]. Flowever, the structures of such active sites are still 
not well understood, although tremendous analysis has been done using 
sophisticated instruments. 

It has been recognized that the electrocatalytic activity and stability of Fe- and 
Co- macrocyclic complexes can be strongly affected by other factors such as the 
type of central transition metal ion, the ligand structure, the type of support, the 
method of synthesis, etc. In what follows, these factors will be discussed in more 
detail. 

15.2.1. The Central Transition Metal Effect 

Depending on the nature of the central metal, the oxygen reduction reaction takes 
place either via a 2-electron transfer pathway to peroxide, or a 4-electron transfer 
pathway to water, or a mixed pathway of 2- and 4-electron transfers. The central 
metal ion of a macrocycle seems to play a decisive role in the ORR mechanism. 
Most Fe complexes can reduce oxygen directly to water through a 4-electron 
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transfer pathway, while most Co complexes give peroxide as the main product 
through a 2-electron transfer pathway. For N 4 chelates (phthalocyanines) as 
catalysts, the activity order of the catalyzed ORR follows the pattern of Fe > Co > 
Ni > Cu ss Mn [12]. Alt et al. [13] explained this activity sequence by molecular 
orbital (MO) theory. According to their model, the back bonding of filled d xz and 
dyz orbitals and empty d z 2 orbitals favors the partial electron transition from the 
metal to the empty or partially filled ji* orbitals of oxygen. In general, Co 
complexes have higher electrochemical stability than Fe complexes, whether or not 
they are heat-treated. The stability sequence of metal macrocyclic complexes was 
summarized by Jiang et al. [14] as Co > Fe > Mn. 

The formation of dimetal face-to-face macrocycles can effectively promote a 4- 
electron transfer pathway from oxygen to water. For example, such catalysts 
include dicobalt face-to-face porphyrins [15], and pillared dicobalt cofacial 
porphyrins [16], as well as other binuclear and polynuclear Co phthalocyanines 
[17]. In this catalyst, two Co centers can provide two adsorption sites for 0 2 to 
form a bridge adsorption, facilitating a 4-electron transfer process, as suggested by 
Anson et al. [18, 19] 

It has also been reported that 0 2 reduction efficiency could also be improved by 
using two different metal centers, as proposed by Chu et al. [20], In order to 
combine the advantages of an Fe complex (4-electron ORR pathway to water) with 
the high electrochemical stability of Co complexes, they heat-treated a mixture of 
two transition metalloporphyrins (V/Fe, Co/Fe, Ni/Fe, or Cu/Fe) to form a bimetal 
catalyst, and tested its ORR activity. The ORR activity was then compared to that 
catalyzed by heat-treated single transition metalloporphyrin. They found that the 
heat-treated mixture of Fe- and Co-tetraphenylporphyrins gave a much higher 
catalytic ORR activity than the heat-treated single Fe-tetraphenylporphyrin or Co- 
tetraphenylporphyrin. This was also attributed to the formation of a face-to-face 
structure with two kinds of metal active sites. The interaction between two 
different transition metals and oxygen molecules promotes 0-0 bond breakage, 
resulting in an easier 4-electron transfer to form H 2 0. High loading of heat-treated 
Co-naphthalocyanine (CoNPc) on carbon black was suggested as an alternative 
way to prompt a 4-electron reaction pathway to water, whereby two mono-layers 
of CoNPc were found to generate optimum activity [21]. 

Although Fe and Co macrocyclic complexes exhibit high electrocatalytic 
activity towards the ORR, a growing number of studies have indicated that 
transition metals may not be required for the reduction of oxygen on carbonaceous 
materials, as long as such materials can be properly activated by incorporating 
active nitrogen sites. The studies suggest that, rather than being directly part of the 
active sites, metal particles may act as the catalysts for active site formation during 
high-temperature heat treatment [22]. 
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15.2.2. The Ligand Effect 

Ligands also play an important role in the catalyzed ORR. They not only serve as 
part of the active site, but also keep the metal in a stable form on the electrode 
surface. The substituents of the macrocycle ligand seem to have less effect in 
comparison with the type of macrocycle [23]. Phthalocyanine (Pc), 
tetrasulfophthalocyanine (TSP), tetracarboxyphthalocyanine (TcPc), polymeric 
phthalocyanine, tetraphenylporphyrin (TPP), tetramethoxyphenylporphyrin 
(TMPP), and dibenzotetraazaannulene (TAA) all can form complexes with Fe and 
Co. The majority of thus formed complexes have ORR catalytic activity. 




Cobalt-phthalocyanine Cobalt-tetrasulfophthalocyanine 




T etramethoxyphenylporphyrin Dihydrodibenzotetraazaannulene 

Figure 15.1. Structures of typical metal N 4 chelates and ligands [24-26], (Co- 
tetrasulfophthalocyanine image reproduced from Castellani AM, Gonclaves JE, Gushiken Y. 
The use of carbon paste electrodes modified with cobalt tetrasulfonated phthalocyanine 
adsorbed in silica/titania for the reduction of oxygen. J New Mater Electrochem Syst 
2002;5:169-72, Figure 1, reprinted with permission from JNMES. Cobalt-phthalocyanine 
image reproduced from Li J, Wu X, Yuan R, Lin H, Yu R. Cobalt phthalocyanine 
derivatives as neutral carriers for nitrite-sensitive poly(vinyl chloride) membrane electrodes. 
The Analyst 1994; 119:1363-6, Figure 1, reproduced by pennission of The Royal Society of 
Chemistry. Bottom images reprinted from Jalinke H, Schonbron M, Zimmerman G. Organic 
dyestuffs as catalysts for fuel cells. Top Curr Chem 1976;61:133-81, Figure 1, with kind 
permission of Springer Science+Business Media.) 
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Figure 15.1 shows the molecular structure of several typical metal N 4 chelates 
and ligands [24-26]. The ORR catalytic activity of these complexes can be 
partially attributed to the inductive and mesomeric effects of the ligand on the 
central metal ion. Flowever, when these as-prepared complexes were tested in a 
PEM fuel cell environment, they could not show enough chemical/electrochemical 
stability. For example, even at a temperature of 50 °C, Fe-phthalocyanine could be 
disintegrated in an acid electrolyte [27]. Biloul et al. [28] tested and compared the 
stability of 800 °C heat-treated Co-tetramethoxyphenylporphyrin (TpOCH 3 PPCo) 
and its derivatives (Co-trifluoromethylphenylporphyrin (CF 3 PPC 0 ) and Co- 
tetraazaannulene (CoTAA) as ORR catalysts at a current density of 100 mAcm ; 
with 300 hrs of lifetime under fuel cell conditions. The stability order was observed 
as: CoTAA » TpOQT 3 PPCo > TpOCF 3 PPCo. To improve the stability of these 
complexes, an attempt was made to enlarge the organic part of the molecule and 
create a stronger attachment of the catalyst onto the support base. Unfortunately, 
the results did not seem promising [29]. 

15.2.3. The Heat-treatment Effect 

Since the 1970s, it has been reported that the heat treatment of metal N 4 chelates at 
high temperature could significantly increase their catalytic activity and stability 
towards the electroreduction reaction of oxygen [13, 26]. Since then, this 
pioneering work has led to worldwide research interest. Figure 15.2 shows the 
effect of heat treatment on CoTAA catalytic activity. Maximum ORR catalytic 
activity can be achieved at a heat-treatment temperature of 600 °C, and optimal 
stability at 800-900 °C. 



Figure 15.2. Dependence of thennal activation on heat-treatment temperature of CoTAA 
(Electrolyte: 4.5 N FLS0 4 ) [26], (Reprinted from Jahnke H, Schonbron M, Zimmerman G. 
Organic dyestuffs as catalysts for fuel cells. Top Curr Chem 1976;61:133-181, Figure 22, 
with kind permission of Springer Science+Business Media.) 
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Some recent results have revealed that the optimal activity for N 4 -chelate 
catalysts is normally obtained at a heat-treatment temperature range of 500-700 °C 
[30-32]. However, it has also been discovered that a higher pyrolysis temperature 
(> 800 °C) is necessary in order to achieve stable performance in a PEM fuel cell 
environment. A deleterious effect on electrode performance was observed at 
temperatures higher than 1100 °C [33]. Even for some carbon-supported Fe- and 
Co-phthalocyanines, stability can also be considerably improved. For example, an 
almost 50 times greater enhancement in electrocatalytic activity was achieved at an 
electrode potential of 700 mV (vs. NHE) when carbon-supported Co- 
phthalocyanine was heat-treated in an environment of N 2 or Ar at 700-800 °C [34]. 
Furthermore, in experiments with carbon-supported Ru-phthalocyanine, heat 
treatment at 650 °C could increase the catalytic activity by 20 times at 800 mV (vs. 
NHE). Unfortunately, there was no insignificant improvement in catalyst stability. 
Not all heat-treated carbon-supported metal phthalocyanines gave positive results. 
For example, the activities and stabilities of Zn- and Mn-phthalocyanines were not 
affected by heat treatment [34]. The duration of heat treatment for these complexes 
is usually around 0.3-5 hrs. 

When heat treatment is performed at a lower temperature range such as 500- 
700 °C, the active catalytic site can be identified as a Me-N 4 moiety. However, at a 
higher temperature range (i.e. ,> 800 °C), the structure of the catalytic active site is 
still unclear. According to some work [35-37], the Me-N 4 super-sites would 
disappear when the temperature was too high, suggesting that the nature of such 
active sites is changed due to higher temperature. In identifying the catalytic sites 
produced at high-temperature pyrolysis, Dodelet et al. [38] investigated the activity 
and active sites of Fe precursors. They pyrolyzed perylene tetracarboxylic 
dianhydride (PTCDA) together with Fe and N precursors, then employed an 
instrumental method called Time-of-Flight Secondary Ion Mass Spectrometry 
(ToFSIMS) for active site identification. The only species detected in their work 
was FeN 2 C 4 +. 

Heat treatment can facilitate bonding of the metal ions to the surface nitrogen 
of a graphite particle surface. The graphite particle surface serves as the catalyst 
support. It is believed that the inner core structure of the N 4 macrocycle remains 
after pyrolysis and then acts as a catalytic center towards the ORR. The better 
electrochemical stability of the centers has been assumed to be the result of 
electronic integration into a stable carbon particle [39]. 

15.2.4. The Effect of the Synthesis Method 

Since the structure of these N 4 -chelate catalysts will be largely destroyed at high 
pyrolysis temperatures, it might not be necessary to use expensive metal 
macrocyclic complexes as precursors for active catalyst preparation [40]. It is 
expected that if a mixture of basic components, i.e., transition metal sources such 
as Fe or Co, nitrogen donors, and carbon supports, could be treated at a high 
temperature, catalytically active sites such as metal-N 4 or FeN 2 C 4 + might be 
formed [41]. Several research groups have reported their work on this alternative 
preparation route with various transition metal, nitrogen, and carbon containing 
species as precursors. This approach creates a very attractive strategy for 
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electrocatalyst preparation using more popular and cheaper starting materials. The 
most popular transition metal precursors that have been employed are Fe or Co 
inorganic salts such as sulfates, acetates, hydroxides, chlorides, and cyanides, and 
Fe complexes such as ferrocene [42-45]. Inorganic precursors might be more cost- 
effective for commercialization. 

Nitrogen sources are critical to catalytic activity. Nitrogen-containing 
chemicals such as polyacrylonitrile, tetracyanoquinodimethane, ethylenediamine, 
1 , 2 -phenylenediamine, hydrogen phthalocyanine, as well as pyrroles, have been 
found to be effective precursors for catalyst preparation [46, 47]. N-containing 
gases such as NH 3 [48] or acetonitrile [49], and N-containing groups on a modified 
carbon support (e.g., HNO 3 /NH 3 treated carbon support) [50] have also been 
employed as nitrogen sources for the preparation process. It is clear that the most 
important factor is the nitrogen content of the materials. It was found that higher 
nitrogen content yielded higher catalytic surface site density and then better 
electrocatalysts [51]. 

Carbon support could be another factor affecting catalytic activity. Jaouen et al. 
[51] studied the effect of carbon support on catalytic activity and found that the 
activity varied with the specific surface area, pore size distribution, and N or O 
content of the carbon support. 

Metal loading on the carbon support may also affect catalytic activity. Lalande 
et al. [52] studied the effect of transition metal Co loading (0 to 8 weight percent) 
on the activity and stability of heat-treated carbon-supported Co-phthalocyanine at 
a temperature range of 500-1100 °C. They found an optimum value for Co loading 
on the carbon support (~3.5 weight percent). This optimum Co loading was not 
dependent on the heat-treatment temperature. They also found that the optimum Co 
loading value corresponded to hill monolayer coverage of the Co-phthalocyanine 
on the carbon support. Faubert et al. [53] reported the effect of Fe loading on 
catalytic activity by heating Fe-adsorbed PTCDA in an environment of 
A 1 +H 2 +NH 3 . It was found that the catalytic activity at first was increased by 
increasing Fe content, blit levelled off when the Fe content was greater than 0.5 
weight percent. It is believed that excess Fe favors the formation of aggregates 
which contain catalytic inert metallic and/or carbidic iron. 

Lalande et al. [45] proposed a multi-step pyrolysis method for 0 2 reduction 
catalyst preparation. Wei et al. [49] carried out some comparisons between one- 
step and multi-step pyrolysis. In their experiments, catalysts containing carbon, 
nitrogen, and cobalt were prepared. In the multi-step pyrolysis method, the first 
pyrolysis step was to pyrolyze the carbon support (Vulcan XC72R) with a nitrogen 
precursor (acetonitrile) in a flowing argon atmosphere, and then to introduce the 
cobalt precursor (cobalt sulfate) into the reactor for the second step. The second 
step was to pyrolyze the mixture of the product and the introduced cobalt precursor 
in a flowing argon atmosphere. It was also found that the pyrolysis sequence has a 
strong impact on catalyst activity. For example, the onset electrode potential for the 
ORR (E onset ) catalyzed by catalysts produced in different pyrolyzation sequences 
was about 790-800 mV (vs. RHE), similar to that obtained with a cobalt-centered 
macrocycle catalyst synthesized by one-step pyrolysis at 1000 °C [54, 55]. 

More recently, Ye et al. [56] proposed a new sol-gel method combined with a 
supercritical diying technique for the preparation of nanocomposite electrocatalysts 
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for oxygen reduction. They claimed that their method has a structure-preserving 
ability and favors a nanoscale mixing of the constituents, and then can produce a 
remarkably homogeneous solution. The chemical, physical, and morphological 
properties of catalysts produced using this sol-gel method were claimed to be 
significantly isotropic. Compared to other preparation methods, this new sol-gel 
method has some unique and competitive features. The first step of this synthesis 
method was the mixing of an inorganic salt (e.g., Fe(N 03)3 or CoCL) or an 
organometallic compound (e.g., Co(III) acetylacetonate) with polyacrylonitrile 
(PAN) in N,N-dimethylformamide (DMF)/water to form a well-mixed solution. 
The mixed solution was degassed when heated to approximately 120 °C. When the 
solution was cooled, a polymer gel containing the metallic compound was obtained 
by thermally induced phase separation. The polymer gel was then pre-treated at 
220 °C, followed by a pyrolysis step at 900 °C under an argon atmosphere. In this 
way, a non-noble catalyst showed strong catalytic activity and relatively high 
stability for the ORR in acid conditions. 

Bogdanoff et al. [39] found that the activity of pyrolyzed carbon-supported 
CoTMPP could be limited by the morphology of the products. Thus, they 
introduced a new preparation strategy, which led to an in situ formed graphite-like 
carbon matrix with uniform catalytic centers. In their method, metal oxalates were 
added into the reaction as foaming agents during the heat treatment. The purpose of 
adding metal oxalate foaming agents was to suppress the particle aggregation and 
increase the surface area of the macrocycle catalysts (up to 800 nrg '). In this way, 
the catalytic activity could be improved by an increase in the catalyst. 

In addition, some new heat-treatment techniques for synthesizing highly active 
macrocyclic complexes have been reported. These methods can effectively create 
favorable morphology and increase the catalyst surface area. For example, Liu et 
al. [57] recently developed an ultrasonic spray pyrolysis (USP) technique to 
synthesize CoTMPP/C catalysts. The USP method is a continuous, one-step, 
scalable method to prepare unaggregated spherical and uniform particles with 
controllable particle size. The carbon-supported CoTMPP particles synthesized by 
this method have a high surface area of 834 m 2 g _1 . In a rotating ring-disk electrode 
(RRDE) measurement, the ORR catalyzed by this CoTMPP displayed double the 
activity of a catalyst prepared by the conventional heat-treated method. A fuel cell 
performance of 0.4 V at 110 mAcm" 2 using such a USP-derived CoTMPP/C as the 
cathode catalyst was achieved, compared to a performance of 0.4 V at 40 mAcm 2 
obtained using the same cell with a conventional heat-treated CoTMPP/C catalyst. 
At a higher cell voltage such as 0.7 V, the USP-derived catalyst generated a current 
density of 55 mAcm 2 , which is two times greater than that obtained using a 
conventional catalyst. These results demonstrated that the favorable morphology of 
a CoTMPP/C catalyst created by ultrasonic spray pyrolysis has a significant effect 
on catalyst activity, even under fuel cell operating conditions. 

Zelenay et al. [58] explored Co-polypyrrole (CoPPy) material as a PEM fuel 
cell cathode catalyst. The composite CoPPy catalyst, even without heat treatment, 
could generate a power density of -0.15 Wcm" 2 in a H 2 -O 2 fuel cell and displayed 
no signs of performance degradation for more than 100 hrs. Their results show that 
hetero-atomic polymers can be used not only to stabilize the non-noble metals in a 
PEM fuel cell environment but also to generate active sites for the ORR. Study of 
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the interaction between the catalyst and oxygen also demonstrates that CoPPy 
forms stable end-on, side-on, and bridged oxygen adducts. Furthermore, the side- 
on and bridged oxygen adducts are more stable than the end-on adducts. Since 
side-on and bridged oxygen adducts greatly elongate 0-0 bond lengths, they 
generally lead to 4-electron reduction products. They thus differ significantly from 
Co macrocyclic catalysts, which cannot form these types of oxygen adducts and 
generally yield 2-electron reduction products. 

For the purposes of comparison, Table 15.1 lists the typical methods employed 
for the preparation of Fe and Co heat-treated electrocatalysts and their 
corresponding electro-catalytic activities towards oxygen reduction reaction. 


Table 15.1. Preparation methods for Fe- and Co-based catalysts for the ORR 


Methods 

Starting 

Chemicals 

Operating 

Environment 

Possible 

Catalysts 

Produced 

Catalytic 
Activity 
Towards ORR 

Ref. 

Pyrolyzed 

metal-N 4 

macrocycles 

Fe- or Co-N 4 
macrocycles 

Pyrolyzed at 
-1000 °C, with 
carbon support 
in argon 

CoPc/C 

Onset potential: 
-800 mV (vs. 
RHE) 

[46, 

47] 

Single-step 

Method 

Independent 
Fe or Co 
precursors, N 
and C sources 

Pyrolyzed at 
-1000 °C in 
argon 

CNCo 

Onset potential: 
790-800 mV 
(vs. RHE) 

[41] 

Multi-step 

Method 

Independent 
Fe or Co 
precursors, N 
and C sources 

Pyrolyzed at 
-1000 °C in 
argon 

CNCo 

Onset potential: 
790-800 mv 
(vs. RHE) 

[41] 

Sol-gel 

Method 

Independent 
Fe or Co 
precursors, N 
and C sources 

DMF/water 
solvent, 
pyrolyzed at 
900 °C in argon 

PAN-Co 
or PAN- 
Fe 

600 mV for 
PAN-Fe, 550 
mV for PAN- 
Co and 710 mV 
(vs. NHE) for 

Pt at maximum 

current 

[48] 

Plasma 

method 

Fe-oxalate/ 

CoTMPP 


CoTMPP 

>100-500 
mA/mg at 700 
mV 

[31] 

Ultrasonic 
spray 
pyrolysis 
(USP) method 

Co salts, 
FLTMPP 

Pyrolyzed at 
-800 °C in 
nitrogen 

CoTMPP 

-850 mV (vs. 
RHE) (open 
circuit 
potential) 

[49] 

Impregnation 

method 

Co salts, 
polypyrrole 

Reflux at 80 °C 

CoPPy 

-200 mAcnf 2 
at 500 mV 

[50] 
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15.3. Non-noble Transition Metal Carbides and Nitrides for the 
ORR 

Transition metal carbides and nitrides are two major kinds of electrode materials. 
This is due to their good electrical conductivity, corrosion resistance, and 
electrocatalytic activity. In the past several decades, some studies have been done 
on these materials as electrocatalysts for hydrogen and methanol oxidation and 
oxygen reduction reactions in alkaline and acid solutions [59-63]. This section will 
briefly review transition metal carbides and nitrides and then introduce current 
state-of-the-art catalysts explored in acidic media. 

15.3.1 Carbides 

Transition metal carbide is one of the most widely studied catalyst materials 
because of its superior electrical conductivity. In 1963, Mazza and Trassatti [59] 
first found that several transition metal carbides such as tungsten, titanium, and 
tantalum are active towards the oxygen reduction reaction in sulfuric acid. Among 
them, tungsten carbide in particular is superior to the other carbides. However, 
their ORR catalytic activities were not high enough for them to be employed in 
fuel cells. For the kinetic parameter of tungsten-carbide-catalyzed ORR, Voinov et 
al. [64] reported that the ORR exchange current density catalyzed by tungsten 
carbide (containing 0.1% cobalt) was 1x10 9 A cm 2 in 1 M perchloric acid. This 
value is almost the same order of magnitude as that of a platinum electrode in an 
acidic medium [5]. 

Recently, there have also been several approaches to using the transition metal 
carbides as non-noble electrocatalysts in the PEM fuel cell. In particular, since 
tungsten carbide (WC) shows platinum-like characteristics in terms of electronic 
structure and chemisoiption of hydrogen and oxygen [61-63], it has attracted much 
interest for its new application as an electrode material for fuel cells. Levy and 
Boudart [65] postulated that the Pt-like behavior of tungsten carbide is due to the 
change of electron distribution in tungsten by the addition of carbon, resulting in 
tungsten carbide having a similar valence band structure to that of platinum. This 
was proven by an X-ray photoelectron spectroscopy (XPS) analysis: the states of 
electronic density of tungsten carbide at Fermi level are very similar to those of 
platinum. Figure 15.3 compares the XPS valence bands for tungsten carbide, Pt, 
and tungsten. The density of states at the Fermi level, N(E F ), of tungsten carbide 
has an intermediate character between that of tungsten and of Pt, The Fermi level 
of tungsten falls in a region of low density of d-like states. The Fermi level of Pt 
falls in a region of high density of d-like states. Unfortunately, the observation of a 
more platinum-like N(E F ) in tungsten carbide cannot provide a complete 
explanation for its observed catalytic behavior. However, it is believed that a high 
N(E f ) is a necessary but not sufficient condition for high catalytic activity. As 
electrocatalysts for fuel cells, tungsten carbides have attracted a lot of interest in 
hydrogen and methanol oxidation in acid solution [60, 66-73]. On the other hand, 
due to the low stability of tungsten carbides in a corrosive environment, there have 



726 K. Lee, L. Zhang and J. Zhang 


been relatively very few studies on the oxygen reduction reaction in both alkaline 
and acid solutions. 
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Figure 15.3. Valence band XPS spectra of WC, Pt, and W [61]. (From Bennett LH, Cuthill 
JR, McAlister AJ, Erickson NE. Electronic structure and catalytic behavior of tungsten 
carbide. Science 1974;184:56365. Reprinted with pennission from AAAS.) 


It is generally known that tungsten carbide is not stable in alkaline solution 
because it dissolves. However, Vijh et al. [74] observed that cobalt-cemented 
tungsten carbide (Co-WC) presented considerable stability in alkaline solution. 
This tungsten carbide dissolved over 0.7 V vs. RHE under a nitrogen atmosphere. 
However, such dissolution was not observed under an oxygen atmosphere at the 
same electrode potential. Although some ORR catalytic activity was also observed 
on this carbide, this catalyst was more favorable for the reduction reaction of 
hydrogen peroxide rather than the oxygen reduction reaction. 

In an effort to stabilize tungsten carbides, adding tantalum to tungsten carbide 
was found to be effective in improving stability at high electrode potentials and in 
a strong acidic atmosphere [75]. This carbide was fabricated by the reactive 
sputtering method using tungsten carbide and tantalum metal. Figure 15.4 
demonstrates that a Ta-added WC (WC+Ta, W 42 Ta 24 C 34 ) electrode is 
electrochemically stable on Nation' electrolyte at the employed potential range 
and at 30 °C and 60 °C, while a pure WC electrode will be oxidized at potentials 
above 0.5 V vs. DHE. Through the reactive sputtering reaction between tungsten 
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carbide and tantalum metal, the following components were formed in a WC+Ta 
electrode: 


WC + Ta -> WC + W-Ta + TaC x + Ta + C 


(15.5) 




£7 V vs, DHE 


£ / V vs. DHE 


Figure 15.4. Comparison of cyclic voltammograms on Nafion® electrolyte under N 2 
atmosphere. Scan rate = 100 mV/s [75], (Reprinted from Electrochimica Acta, 49(21), Lee 
K, Ishihara A, Mitsushima S, Kamiya N, Ota K-I, Stability and electrocatalytic activity for 
oxygen reduction in WC + Ta catalyst, 3479-85, ©2004, with permission from Elsevier.) 


Among them, the W-Ta alloy has the highest stability in a corrosive 
atmosphere. The formation of this alloy might protect against the surface oxidation 
of the WC+Ta electrode. The WC+Ta electrode also exhibited a considerably high 
onset potential for the ORR compared to pure WC, i.e., 350 mV higher than pure 
WC. This is the highest value for carbide materials so far reported. Such high 
activity was explained by the fact that the W-Ta alloy might restrain the oxidation 
of the surface active site, i.e., tungsten carbide. Similar stability and activity were 
also observed in chromium-added tungsten carbide (WC+Cr) [76]. 

For other metal-based carbides, Ni 33 Ta 41 C 26 was reported as a possible 
electrocatalyst for the oxygen reduction and hydrogen oxidation reactions [77]. 
This carbide deposited on carbon paper by DC magnetron sputtering is quite 
passive against corrosion in 1.5 M sulfuric acid up to 70 °C in a wide range of 
electrode potential (-0.65 V to 0.25 V vs. mercury/mercurous sulfate reference 
electrode). This anti-corrosion property resulted from the effect of tantalum 
addition. Ta was able to form a thin Ta 2 0 3 film on the particle, protecting the 
catalyst from corrosion. The effect of tantalum on Ni 33 Ta 41 C 2 6 is similar to that of 
WC+Ta discussed above. Unfortunately, however, Ta 2 0 5 oxide is an electron 
insulator. 

In a continuous study of the Ni-Ta-C system, Dhan et al. [78] examined the 
structure, corrosion resistance, and electrocatalytic activity of thin film libraries of 
carbides such as Ta x Ni y Ci- x - y (0.1 < x < 0.5, 0 < y < 0.9) and Tai- x - y Ni x C y (0 < x < 
0.18 and 0.82 < y < 0.86). These materials were combinatorially prepared by a DC 
magnetron sputtering method. It was found that the corrosion stability of these 
materials in 1.0 M H 2 S0 4 at 80 °C could be increased by increasing the Ta content. 
With respect to the catalyzed ORR, their activity could be increased by increasing 
the Ni content. The highest catalytic activity was observed when Ta 0 .oiNi 0 .i 6 Co .83 
was used. The composition ratio in Ta 0 .oiNio.i 6 Co .83 is different from that in a 
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previous report by Burstein et al. [77] in terms of optimal ORR catalytic activity. 
The conclusions obtained by this work [78] with respect to the benefits of Ta and 
Ni for stability and catalytic activity are consistent with those of previous reports: 
Ta can improve the corrosion resistance and Ni promotes catalytic activity. 
Additionally, the catalytic activity of these ternary carbides also strongly depends 
on heat treatment. As the heat-treatment temperature was increased up to 800 °C, 
the ORR catalytic activity was also enhanced accordingly. However, no further 
improvement could be seen after the heat-treatment temperature was further 
increased beyond 800 °C. 

15.3.2 Nitrides 

Nitrides as electrocatalysts in PEM fuel cell applications have not been intensively 
investigated as compared with other non-noble metal catalysts. However, their 
unique electrochemical properties and stability in electrolytes with a wide pH 
range might provide promising opportunities to be used as electrocatalysts for 
PEM fuel cells. In the 1960s, Giner and Swette [79] reported titanium nitride to be 
a novel non-noble catalyst for fuel cells. This nitride was then investigated as an 
ORR catalyst in 2 M potassium hydroxide solution at 75 °C. Titanium nitride 
exhibited less corrosion than metal titanium. Moreover, it has quite high ORR 
activity, as shown in Figure 15.5. It can be seen that titanium metal shows an ORR 
onset potential at 300 mV vs. RHE, while its nitride can give a value of ~800 mV. 
This nitride can catalyze a nearly 4-electron reaction from oxygen to water in 
alkaline solution. Such catalytic behavior is much different from that of titanium 
metal, which can only catalyze a 2-electron reaction from 0 2 to peroxide. It was 
suggested that the nitridation of metals, such as titanium, iron, nickel, and cobalt, 
could help to increase their ORR activity. 

The nitridation of cobalt was also examined in a neutral electrolyte solution by 
Azuma et al. [80]. They used a cobalt plate as the target and prepared cobalt-nitride 
(Co x N) on a smooth titanium metal plate by the reactive sputtering technique. 
Co x N is not stable in acidic solution due to dissolution. In alkaline solution, the 
material particle is covered by an insulating oxide layer. Although it is stable in a 
neutral solution such as Na 2 S 04 (pH 6.0), electrochemical oxidation and 
dissolution at potentials more positive than 0.3 V vs. SCE also make it unstable. 
The Co x N catalyst showed an ORR catalytic activity at potentials less than 0.1 V 
vs. SCE. This potential value is much higher than that catalyzed by pure metal 
cobalt, which showed a potential less than -0.5 V vs. SCE. It is interesting to note 
that this Co nitride could promote a 4-electron reduction from 0 2 to H 2 0, which is 
more prevalent than a Pt catalyst. The measured overall electron transfer number 
for catalyzed ORR by this Co nitride was around 3.4 to 3.7 compared to the value 
of 3.3 obtained using a Pt catalyst. The improved ORR by Co x N was interpreted 
according to a modification mechanism, i.e., the electronic structure of the Co 
atoms in Co x N could be modified by the surrounding nitrogen atoms to form a 
similar structure as the CoN 4 chelate catalyst. Since both the top-on type and 
bridge-type adsorptions of oxygen are possible stereochemically on the Co x N 
surface, the ORR on this nitride surface may be favorable for a 4-electron pathway. 
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Figure 15.5. I-V curves for titanium and titanium nitride in N 2 and 0 2 atmosphere [79]. 
(Reprinted by permission from Macmillan Publishers Ltd. Nature. Giner J, Swette L. 
Oxygen reduction on titanium nitride in alkaline electrolyte. 1996;211(5055):1291 —2, 
©1966.) 

Molybdenum nitrides are another type of nitride being explored as PEM fuel 
cell catalysts. Recently, Zhang et al. [81, 82] investigated tungsten and 
molybdenum nitrides in sulfuric acid and single cell tests in an effort to improve 
catalyst activity and stability. In their study, W 2 N/C and Mo 2 N/C catalysts were 
synthesized by temperature-programmed reaction under flowing NH 3 gas. The 
obtained Mo 2 N/C and W?N/C catalysts presented considerably high activity 
towards the ORR in acidic media with onset potentials of 0.7 V and 0.6 V vs. SHE, 
respectively. In particular, Mo 2 N/C displayed an ORR electron transfer number of 
3.8, indicating that most of the oxygen was reduced to water through a 4-electron 
pathway. It was also found that molybdenum could be partially oxidized to 
Mo s+ N 8 " in Mo 2 N. As a result, the surface of Mo 2 N could have unsaturated Mo and 
N atoms, resulting in some four-fold-type vacancies. These vacancies are highly 
active towards molecular 0 2 dissociation. This association is similar to that on 
dicobalt cofacial porphyrin lined by four-atom bridges [83]. This type of 0 2 
adsorption and dissociation model was adapted to explain their Mo 2 N/C catalyst, as 
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described in Figure 15.6. The change of electron distribution in Mo, induced by 
addition of nitrogen, probably promotes the dissociation and adsoiption of oxygen, 
resulting in an improved ORR catalysis. 


H 


/ 



Figure 15.6. Proposed ORR mechanism for M 02 N/C catalyst [81]. (Reprinted from 
Electrochemistry Communications, 8(5), Zhong Hexiang, Zhang Huamin, Liu Gang, Liang 
Yongmin, Hu Jingwei and Yi Baolian, A novel non-noble electrocatalyst for PEM fuel cell 
based on molybdenum nitride, 707-12, ©2006, with permission from Elsevier.) 

15.3.3 Oxynitrides 

Normally, metal nitrides show high stability and activity towards the ORR in 
alkaline solution. However, very few reports have dealt with acidic media. Most 
recently, a new type of semi-conductive materials, metal-oxygen-nitrogen 
compounds, has been explored for ORR catalysis. For the first time in the world, 
Ota et al. [84-88] discovered that metal-oxygen-nitrogen compounds are stable and 
active towards the ORR in acidic media. In their first study, they prepared Ta 
oxynitride (TaO x N y ) and nitrides with different nitrogen contents through a 
chemical reaction of Ta 2 0 5 with NH 3 gas at 850 °C. As shown in Figure 15.7, the 
prepared Ta oxynitride and nitride have different structures. TaO x N y has the same 
structure as monoclinic Zr(L (baddeleyite), while the structure of Ta 3 N 5 contains 
TaN 6 octahedra, similar to Ti 3 0 5 (anosovite). The non-stoichiometric Ta 
oxynitrides have many defects in their crystals, resulting in the increased electrical 
conductivity of semi-conductive Ta nitrides. Through chemical and 
electrochemical measurements, it was proven that these oxynitrides are very stable 
in sulfuric acid at electrode potentials below 1.2 V vs. RHE. The high stability of 
Ta oxynitride was attributed to the highest oxidation state (+5) of Ta. This suggests 
that any further oxidation of Ta 5+ to degrade the catalyst structure is impossible. It 
was also observed that the catalytic ORR activity was strongly dependent on the 
chemical composition ratio of oxygen and nitrogen. The highest activity was 
observed at Ta:0:N = 1:0.92:1.05, i.e., TaO0.92N1.05. It is interesting to note that the 
oxidized Ta oxynitride surface was more active than the bare surface. This 
behavior is different from that of a Pt catalyst. When a Pt surface is covered with 
Pt oxide, the ORR activity will be dramatically reduced. Considering the PEM fuel 
cell cathode atmosphere, in which oxygen is present, a metal oxide layer on the 
catalyst (for example, Pt) will easily form in particular in a low current density 
range. This metal oxide layer will compromise the fuel cell performance. For a Ta 
oxynitride cathode catalyst, such a Ta oxide layer will benefit rather than 
compromise fuel cell performance. 
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TaON Ta 3 N 5 

Figure 15.7. Schematic structure of TaON and Ta 3 N 5 [89] 


In their continuing studies, Ota’s group also found that the heat treatment of 
metal oxynitrides played an important role in the improvement of catalytic activity 
and stability. They prepared TiO x N y and ZrO x N y thin films deposited on glassy 
carbon by the reactive sputtering method. Then these oxynitrides were heat-treated 
at various temperatures from 50 °C to 800 °C. The TiO x N y and ZrO x N y thus 
obtained exhibited superior chemical stability to Pt in 0.1 M H 2 S0 4 . For example, 
the solubility of TiO x N y and ZrO x N y is 2.5x 10 7 and 5x10 s mol cnf 3 , respectively, 
while Pt has a solubility of 5.6x10 7 mol cm ’. Both of these oxynitrides showed 
strong dependency on heat-treatment temperature for their catalytic ORR activity. 
The catalytic ORR activity increased with increasing heat-treatment temperature, 
showing maximum activity at 800 °C. Higher heat-treating temperature results in 
higher crystallinity and more defects in the crystals. Figure 15.8 shows the electron 
beam diffraction patterns of the crystal lattice, obtained using a Fourier transform 
mapping of the TEM images. Two kinds of crystalline structure are observed at 50 
°C and 500 °C, respectively. These patterns are not consistent with the Zr 
oxynitrides and oxides. In Zr oxynitride, the crystal lattice might mainly consist of 
Zr oxides and can be strained because some of the nitrogen is dissolved in the 
lattice; the oxide phase could be also strained due to film deposition during a non¬ 
equilibrium state at the lower temperature. In addition, the pattern at 700 °C can be 
identified with monoclinic Zr0 2 . At heat treatment below 500 °C, ZrO x N y has very 
low crystallinity or is almost amorphous. However, when temperature is increased 
beyond 500 °C, a dramatic increase in crystallinity can be observed. More 
interestingly, a linear relationship between the crystallinity and activity can be 
obtained, as shown in Figure 15.9. This result suggests that the increased 
crystallinity and defects may contribute to the improvement in catalytic activity. In 
the case of TiO x N y , as the heat-treatment temperature increases, the structure of Ti 
oxynitride can be transferred from a TiON structure to a Ti0 2 (rutile) structure, 
accompanied by an increase in crystallinity. It is believed that the Ti0 2 (rutile) 
structure is more active than the TiON structure in terms of the ORR. This result 
was also confirmed in a study on Ti0 2 oxide catalyst [90]. 
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Figure 15.8. Cross-sectional surface of TEM images and the electron beam diffraction 
patterns of crystal lattice in ZrO x N y prepared at 50, 500 and 700 °C [86], (Reproduced by 
permission of ECS—The Electrochemical Society, from Doi S, Ishihara A, Mitsushima S, 
Kamiya N, Ota KI. Zirconium-based compounds for cathode of polymer electrolyte fuel 
cell.) 



Figure 15.9. Relationship between crystallinity and ORR current density [86], (Reproduced 
by permission of ECS—The Electrochemical Society, from Doi S, Ishihara A, Mitsushima 
S, Kamiya N, Ota KI. Zirconium-based compounds for cathode of polymer electrolyte fuel 
cell.) 

More recently, other research groups also investigated the ORR mechanism 
catalyzed by a carbon-supported ZrO x N y catalyst prepared by chemical reaction 
with NH 3 at 950 °C. It is worthwhile noting that the ZrO x N y /C can catalyze the 
ORR through a 4-electron transfer pathway. The measured electron transfer 
number is 3.8, which is very close to the value catalyzed by Pt/C and/or M 02 N/C. 
This is a very promising result, demonstrating that non-noble metal nitrides can 
have the same catalytic behavior as noble metal catalysts. In a single fuel cell test 
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at 80 °C, it was confirmed that this oxynitride catalyst could have stability for up to 
50 hours. The activity and stability achieved on this oxynitride is promising. 

Mixed transition-metal oxynitrides with perovskite structure have also been 
investigated in acidic media. Domen et al. [91] explored perovskite-type 
compounds such as LaTi0 2 N, ANb0 2 N, and ATa0 2 N (A = Ca, Sr, Ba, etc.), as 
shown in Figure 15.10. These oxynitrides were originally explored as 
photocatalysts. Later, it was found that the band gap could be narrowed by the 
addition of alkali earth metals such as Ca, Sr, and Ba. It was expected that 
increasing the electron carrier density and changing the band cap by doping typical 
elements could contribute positively to the conductivity and activity of metal 
oxynitrides. All these oxynitrides were found to be stable electrochemically and 
chemically in acid solution. Their catalytic ORR activities were remarkably high, 
showing onset potentials of 0.8 V, 0.85 V and 0.8 V vs. NHE in 0.1 M H 2 S0 4 for 
LaTi0 2 N, BaNb0 2 N, and SrNb0 2 N, respectively. In the case of LaTi0 2 N, it was 
suggested that mixed coordination of Ti’ + and Ti 41 in the LaTiCLN structure could 
be more active towards the ORR compared with Ti ' 1 coordinated in TiN and Ti 41 
in Ti0 2 . 



Figure 15.10. Schematic structure of perovskite oxynitride (BaNbCLN) [91], (Reproduced 
with permission from New Energy and Industrial Technology Development Organization 
(M DO).) 

15.3.4 Carbonitrides 

Metal carbonitrides (metal-carbon-nitrogen compounds) are another kind of 
potential non-noble metal catalyst for the ORR. However, compared to carbides 
and nitrides, carbonitrides seem less popular. Recently, these compounds have 
attracted some attention due to their electrochemical properties and stabilities. In 
pioneer studies, Ota’s and Dahn’s groups [92-96] investigated electrocatalytic 
ORR activity and the corresponding stability of carbonitrides as catalysts, with a 
focus on Ta, Cr, Fe, and Co metals in strong acidic media. Using nitrogen and 
carbon or metal carbides as starting materials, they synthesized several metal 
carbonitrides by the reactive sputtering method. Ta-C-N and Cr-C-N carbonitrides 
prepared by Ota’s group were reported to have comparable stability to metal 
oxynitrides [92, 93]. Both these carbonitrides showed improved catalytic ORR 
with increasing heat-treatment temperature. The highest catalytic activities were 
obtained at 800 °C. 
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Dahn’s group also investigated the effect of heat-treatment temperature on 
catalytic activity in the range from 700 °C to 1000 °C. Their heat-treatment process 
was different from that of Ota’s group, which heated the substrates in an ultra-high 
vacuum chamber during the sputtering process, while Dahn’s group annealed the 
samples after the sputtering process. It is expected that a thin oxide film could have 
been formed on the surface of as-prepared carbonitride in the latter process because 
the sample might have had a chance to be exposed to air during transfer of the 
sample to the furnace. If this happened, the oxide formed on the surface might have 
affected the chemical composition of the carbonitride surface and its catalytic ORR 
activity during the heat treatment. However, Fe carbonitride annealed at 800 °C 
showed the best catalytic ORR activity, indicating that the optimum temperature is 
well consistent with Ota’s result. 

Both groups also found a consistent fact that nitrogen content can be decreased 
by increasing heat-treatment temperature. The catalytic ORR activity was strongly 
affected by the ratio of metal, oxygen, and nitrogen. This ratio could be optimized 
by heat-treatment temperature in order to achieve optimal ORR activity. In 
addition, increased crystallinity by heat treatment was found to be one of the most 
important factors affecting catalytic activity. This observation was also confirmed 
using a Co-C-N compound as an ORR catalyst [95, 96]. Unfortunately, most of 
these carbonitride compounds produced considerable hydrogen peroxides (20- 
80%) during the oxygen reduction reaction in acid media. If these materials are 
used as fuel cell cathode catalysts, such high H 2 0 2 production would cause 
performance degradation. 

Recently, 3M Corporation [97] successfully conducted fuel cell durability tests 
using Fe-C-N/TiC as the cathode catalyst. This TiC-supported Fe-C-N catalyst 
showed a stable performance over 1000 hours at a cell voltage of 0.6 V, which is 
the longest durability of non-noble metal catalysts yet reported in a real fuel cell 
environment. Beside TiC, some conductive and electrochemically stable materials, 
including carbides, silicides, nitrides, and their combinations, could also be used as 
catalyst supports for the ORR. 


15.4 Transition Metal Chalcogenides for the ORR 

Since Alonso-Vante and Tributsch [98] first reported Ru-Mo-Se chalcogenides as 
ORR catalysts in 1986, transition metal chalcogenides have been researched for 
last two decades as one type of promising material among non-noble transition 
metal catalysts [6, 98, 99]. These compounds have a cluster structure with a 
repeating crystal lattice containing a metal ion cluster in the center, surrounded by 
several non-metal ions. For example, in a binary compound of M 1 ^ (M 1 = high- 
valent transition metal, e.g., Mo; X = chalcogen, e.g., S, Se, or Te), each lattice 
contains a central octahedral metal cluster with six metal ions surrounded nearly 
cubically by eight chalcogen ions [6]. There are also ternary compounds such as 
Mo 6 M 2 x X g (M 2 = intercalated metal guest ion) and pseudobinary compounds such 
as Mo6 M 3 x X 8 (M 3 = foreign metal ions which replace the Mo in the octahedral M 
cluster). Cluster compounds of this type have been investigated as electrocatalysts 
for oxygen reduction and all of them appeared to have some level of activity. The 
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Mo6M 2 x X g compound was found to be electrochemically unstable due to 
deintercalation at positive electrode potentials. Extensive studies have focused on 
the mixed transition metal cluster compounds (Mo6M 3 x X 8 , called pseudobinaries). 
When VT is ruthenium, this compound displays the best activity among the other 
metals investigated. It is known that this remarkable activity is attributable to the 
presence of the octahedral mixed metal clusters. These clusters act as reservoirs for 
electron transfer from the electrode to coordinated Cb on the clusters. Figure 15.11 
shows the catalytic mechanism on a cluster based on the ternary Mo-Ru-Se 
compound. Recently, various metal-based chalcogenides such as Ir-, Pt-, Os-, and 
Rh-based as well as Ru-based have been reported for their high catalytic activities 
and stabilities [100-103]. However, all these chalcogenides are actually based on 
precious metals. In terms of price and limited supplies, the chalcogenides using 
noble metals are not feasible alternative catalysts. Although there have not been 
intensive efforts to study non-noble metal chalcogenides, recently new challenges 
in this area have been reported for PEM fuel cells. In the remainder of this section, 
novel non-noble metal chalcogenide catalysts are briefly introduced. 



Figure 15.11. Interaction of molecular oxygen in acid medium at the Chevrel phase cluster- 
electrolyte interface [6], (Reprinted from Journal de Physique, vol. 7, C2, The Catalytic 
Centre of Transition Metal Chalcogenides vis-a-vis the Oxygen Reduction Reaction: An In 
situ Electrochemical EXAFS Study, Alonso-Vante, N. et al. ©1997, with permission from 
EDP Sciences.) 

Since the 1970s, cobalt-based chalcogenides have been studied as ORR 
catalysts in acidic media. Baresel et al. [104] reported the ORR electrocatalytic 
activity of chalcogenides based on different transition metals between the IV group 
and VIII group. Various binary and ternary transition metal chalcogenides that 
have been explored are listed in Table 15.2. Among them, Co sulfide (Co 3 S 4 ) was 
proven to have the highest catalytic activity in acid solution. The substitution of 
sulfur by selenium or tellurium can affect the ORR activity significantly. The 
catalytic activity is in the order of S > Se > Te. Moreover, it was found that a 
ternary Co-Ni-S system with spinel structure was more active than a binaiy Co-S 
system. The authors explained that the activity can be increased by decreasing the 
difference between the O 2p orbital and the highest occupied d orbital energies of 
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the transition metal sulfide. The orbital energy difference, AE, in various metal 
sulfides decreases in the order Ta > Mo > Ti > Cr > W > V > Ni > Co. Therefore, 
Co sulfide, having the smallest AE = 1 eV, has the highest ORR activity. 

Table 15.2. Catalytic activity of various transition metal chalcogenides for ORR in 4N 
H 2 S0 4 at 70 °C [104], (Reprinted from Baresel VD, Sarholz W, Scharner P, Schmitz. 
Transition metal chalcogenides as oxygen catalysts for fuel cells. Berichte Der Bunsen- 
Gesellschaft 1974;78:608-11, with kind permission of Deutsche Bunsen-Gesellschaft fur 
Physikalische Chemie.) 


Chalcogenide catalysts 

mA/m 2 at 600 mV vs. RHE 

95% CoSo.96, 5% C03S4 

1300 

99% CoS 2 

958 

90% Co 9 S 8 ,10% p-CoS 1 . 035 

217 

83% CoSe 2 , 17% CoSe 0 5 

76 

45% CoTe 2 , 45% Te, 10% Co 3 Te 4 

39 

48% NiS 2 , 48% Nij.03,4% Ni 3 S 4 

120 

48% NiSe 2 , 48% Ni 3 Se 4 , 4% Se 

92 

48% NiTe, 48% Te, 4% NiO 

1 

45%NiS 2 , 45% NiSi.03, 10% NiS 

34 

80% MoS 2 , 20% y-Co 6 S 5 

9 

VS 4 , V 3 S 4 ,S = 1:1:1 

3 

50% Cr 2 S 3 , 50% Cr 7 S 8 

0.7 

99% TiS 2 

0.2 

99% WS 2 

0.08 

98% TaS 

<0.02 

99% MoS 2 

<0.02 

47% CoCr 2 S 4 , 47% Cr 2 S 3 , 6% CrS 103 5 

6.8 

CoV 2 Se 4 

5 

FeNb 2 S 4 

4.4 

NiCr 2 S 4 

4.5 

CoTi 2 S 4 

4.1 

CoTi 2 Se 4 

1.7 

92% FeCr 2 S 4 , 8% Cr 2 S 3 

1.6 

33% CoS 2 , 33% Co 3 S 4 (spinel), 33% NiCo 2 S 4 

2150 
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Figure 15.12. Current-potential curves of various chalcogenide-catalyzed oxygen reduction 
reactions in sulfuric acid [105], (Reprinted from Electrochimica Acta, 20(2), Behret H, 
Binder H, Sandstede G, Electrocatalytic oxygen reduction with thiospinels and other 
sulphides of transition metals, 111-17, ©1975, with permission from Elsevier.) 

Behret et al. [105, 106] also investigated the catalytic ORR activity and 
mechanism catalyzed by thiospinel-type sulfides with a focus on metals such as 
Co, Ni, and Fe. The thiospinel sulfides have a Me (a) Me (b) 2 S 4 formulation, where 
Me (a) represents an ion on the tetrahedral sites and Me (b) an ion on the octahedral 
sites. They prepared these thiospinel sulfides by two different methods, one at high 
temperature and the other at low temperature. For the high-temperature method, 
the sulfur and metal components were ball-milled in a degassed atmosphere and 


738 K. Lee, L. Zhang and J. Zhang 


then the temperature was elevated for the reaction between the chalcogen and 
metals. For the low-temperature method, the thiospinel chalcogenides were 
precipitated in an aqueous solution of metal thiosulfates by bubbling air. They 
could replace one metal atom (Me ta) ) while keeping the other (Me ,b) ) constant, or 
replace Me <b) with an Me (a) constant. The metals they used were Fe, Ni, and Co. 
Within this series of chalcogenides, the best results were obtained for cobalt. 
Figure 15.12 compares the ORR currents catalyzed by various binary and ternary 
thiospinels. It can be seen that binaiy C 03 S 4 sulfide and ternaiy sulfide containing 
cobalt show the highest catalytic activity. The effect of metals on the catalytic 
activity is in a favorable order of Co > Ni > Fe. This result is consistent with 
Baresel’s suggested relationship between catalytic ORR activity and the metal 
orbital energy difference. 

The synthesis method can also affect the catalytic ORR activity and stability. 
Cobalt sulfide prepared in aqueous solution at low temperature has a much higher 
activity than that prepared at high temperature. Flowever, the former is not as 
stable against corrosive attack in acid solution. It was found that replacement of the 
chalcogen could effectively change the catalytic activity. When a chalcogen 
element such as sulfur is replaced with selenium or tellurium to form Me 3 Se 4 or 
Me 3 Te 4 , or partly replaced to form Me 2 SeS 2 or Me 2 TeS 2 , the catalytic ORR activity 
can be dramatically decreased. C 03 S 4 was identified as the most active ORR 
catalyst among the synthesized Me (a) Me (b) 2 S 4 chalcogenides. For the ORR 
mechanism, it was found that the Co 3 S 4 catalyst mainly catalyzed a 2-electron 
reduction process to produce hydrogen peroxide at potentials above 0.5 V vs. RHE 
in sulfuric acid solution. By shifting the electrode potential in a negative direction, 
a 4-electron reduction from oxygen to water could be observed. Unfortunately, the 
portion of this 4-electron pathway in the whole ORR process catalyzed by Co 3 S 4 
catalyst was small (< 10 %). 




Figure 15.13. Metal coordination in chalcogenide and macrocyclic chelate [105], (Reprinted 
from Electrochimica Acta, 20(2), Behret H, Binder H, Sandstede G, Electrocatalytic oxygen 
reduction with thiospinels and other sulphides of transition metals, 111-17, ©1975, with 
permission from Elsevier.) 

In the structure of thiospinel sulfide, each metal atom is surrounded by four 
sulfur atoms in a square planar pattern, and the fifth coordination position is 
occupied by an anion, as seen in Figure 15.13. This square planar system is similar 
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to the structure of macrocyclic N 4 chelates, which are active towards the ORR. In 
this macrocyclic N 4 chelate, the metal ion inside the chelate is surrounded by four 
nitrogen atoms and the fifth coordination position is occupied by an active carbon. 
For both of these S 4 and N 4 structures, the adsoiption, dissociation, and reduction 
processes of oxygen molecules might be similar. 

Extensive studies have been carried out to further improve the activity of the 
cobalt sulfide catalyst [107]. A considerable improvement in the catalytic activity 
of cobalt disulfide has been reported, although this was found to have less ORR 
catalytic activity than that of cobalt thiospinel in previous studies. In a recent study 
by Campbell et al. [107], cobalt disulfide (CoS 2 ) was prepared in the form of a thin 
film by reactive sputtering and the form of supported powders by the precipitation 
method. These cobalt sulfides have a pyrite structure, in which the sulfur atoms are 
paired in the lattice as complex S 2 2 ’ anions. The CoS 2 with this structure was 
considerably active and stable towards the ORR. An ORR open circuit potential 
(OCP) at 0.83 V vs. RHE was observed. Although iron sulfide, FeS 2 , has the same 
pyrite structure, its activity was found to be much lower than that of cobalt (Figure 
15.14). Measurements using X-ray photoelectron spectroscopy (XPS) and auger 
electron spectroscopy (AES) revealed that the surface of this catalyst was sulfur- 
rich. This surface condition may be necessary to protect the underlying material 
from metal dissolution. Adding a third element to this CoS? could change its 
catalytic ORR activity. For example, the addition of tungsten could decrease the 
activity while Ni could improve it. In particular, CoNiS 2 could raise the OCP up to 
0.89 V vs. RHE. This value is 80 mV higher than that of CoS? and very close to 
that of Pt. The CoNiS 2 catalyst is more active than catalysts of thiospinel cobalt 
sulfides. The CoNiS? system also has a S 2 2 " pyrite structure like CoS?. It is believed 
that this S? 2 " pyrite structure may play an important role in the ORR catalyzed by 
cobalt sulfide. 



iog(i'Ai 


Figure 15.14. E-log (i) plots for oxygen reduction on Pt, CoS?, and FeS? in 0 2 -saturated 0.1 
M HC10 4 . Potential scan rate: 5 mV/s. Electrode rotating rate: 2000 rpm [107]. (Reprinted 
from Campbell S. Development of transition metal/chalcogen based cathode catalysts for 
PEM fuel cells. DOE hydrogen program, FY 2004 annual progress report 2004:389-91. 
With permission of DOE.) 

The ORR mechanism catalyzed by cobalt sulfide was also elucidated by a 
theoretical approach based on quantum chemistiy as well as experimental 
validation. Reyimjan et al. [108] carried out a theoretical analysis of the catalytic 
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ORR process on the catalyst surface of CogSg using the slab band quantum 
computational approach. They suggested that the partially OH-covered surface 
(202) of Co 9 S 8 with pentlandite structure should be active towards the ORR. The 
predicted steps of the oxygen reduction cycle on a partially OH-covered 202 
surface can be seen in Figure 15.15. Following the first step of the reduction at 
0.83 V, the O on sulfur is reduced spontaneously to OH ads because its reversible 
potential is higher (1.03 V). After the reduction of two O atoms, the sequential 
reductions of the adsorbed OH groups to water will occur at the relatively 
favorable potentials of 0.89 and 0.74 V, respectively. These final two steps 
complete the reduction cycle by regenerating the initial hydroxylated surface. The 
0.74 V step may determine the overpotential for the overall 4-electron ORR, which 
is similar to the case for a platinum catalyst. It also can be seen that on the catalyst 
surface, water molecules do not block the active sites because their bonding 
strength is much weaker. The heat loss (1.13 eV) from O 2 dissociative 
chemisorption may be necessary for a 4-electron reduction process. It is predicted 
that a better catalyst should have less heat release when 0 2 is bound to or 
dissociated on it. 
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Figure 15.15. Top view of the reduction cycle for 0 2 011 the partially OH ads -covered (202) 
surface of CogSg [108], (Reprinted with permission from J Phys Chem B 2006;110:936—41. 
Copyright 2006 American Chemical Society.) 


Cobalt selenides have also been explored as ORR catalysts over the last several 
years. Previous studies showed that cobalt selenides were not as active and stable 
as cobalt sulfides. However, recent studies have achieved excellent improvement in 
the performance of cobalt selenides in acidic media. Campbell et al. [109] prepared 
Coi_ x Se, including carbon-supported Coi_ x Se, by both the reactive sputtering and 
the precipitation methods in aqueous solution. It was also observed that the Se-rich 
surface could improve the stability of Co selenides. In the case of a thin film Co-Se 
catalyst, the Se content increase could effectively improve the catalytic ORR 
activity. After electrochemical tests of the catalyzed ORR, it was found that the 
Se/Co ratio increased remarkably, indicating that some of the cobalt might be 
dissolved into the electrolyte. Nonetheless, the catalytic activity was still very high, 
suggesting that extra selenium around the cobalt has an insignificant effect on the 
catalytic activity. Figure 15.16 shows the polarization curves for supported Co-Se 
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powder in 0 2 -saturated H 2 S0 4 . The supported Co-Se powder exhibits considerably 
ORR current compared to carbon, Co, and Se. In addition, its OCP in saturated 0 2 
is also relatively high, i.e., 0.78 V vs. RHE. However, as can be seen in Figure 
15.16(b), the ORR current from the Co-Se powder is approximately doubled when 
the amount of catalyst is doubled, strongly suggesting that the catalytic activity is 
mainly limited by the ORR kinetics rather than by mass transport. The Tafel slopes 
for catalyzed ORR on Co-Se thin film and powder were -133 mV/dec and -167 
mV/dec, respectively. It is still not clear why these two forms of Co-Se selenides 
have significantly different ORR Tafel slopes. 


EiVm-RHE 

0.0 0.1 0.2 0.1 0.4 09 06 0.7 08 




Figure 15.16. (a) ORR cathodic curves measured from: (1) glassy carbon, (2) XC72R 
carbon, (3) Co on XC72R, (4) Se on XC72R, (5) Co-Se on XC72R single loading, and (6) 
Co-Se on XC72R double loading; (b) curves (5) and (6) after background correction 
(subscript c) in 0 2 -saturated 0.5 M H 2 S0 4 at 30 °C, electrode rotation rate: 2000 rpm [109]. 
(Reprinted with pennission from J Phys Chem B 2006;110:10762-70. Copyright 2006 
American Chemical Society.) 

According to previous studies by Behret and Campbell [105, 107], the doping 
of tungsten into cobalt sulfide had a negative effect on the ORR activity. However, 
Lee et al. [110] recently proved that tungsten could promote the catalytic activity 
of Co-Se. They synthesized unsupported W-Co-Se powder by chemical reaction in 





742 K. Lee, L. Zhang and J. Zhang 


organic solvent at 140 °C. The resultant W-Co-Se powder was amorphous, which 
differs from the binaiy Co-Se powder (containing a crystalline phase) in 
Campbell’s study. Figure 15.17 shows the ORR polarization curves in FLSO4 
solution. The diffusion-limited ORR currents on the W-Co-Se catalyst show strong 
dependency on the electrode-rotating rate, while that catalyzed by binaiy Co-Se 
was controlled by ORR kinetics. This suggests that the doping of tungsten to a 
cobalt selenide catalyst can dramatically enhance the catalytic ORR activity. The 
effect of metal doping on the ORR activity seems to differ depending on the nature 
of the chalcogen used. 



E/Vvs. NHE 

Figure 15.17. ORR polarization curves for W-Co-Se and Pt/C in 0.5 M H 2 S0 4 at 25 °C. 
Potential scan rate: 5 mV/s. Pt/C loading is 122 pg/cm 2 [110]. (Reprinted from 
Electrochemistry Communications, 9(7), Lee Kunchan, Zhang Lei and Zhang Jiujun, 
Ternary non-noble metal chalcogenide (W-Co-Se) as electrocatalyst for oxygen reduction 
reaction, 1704-8, ©2007, with permission from Elsevier.) 

It was confirmed by XPS analysis that the oxidation states of cobalt and 
tungsten in the W-Co-Se catalyst are much higher than those in their oxides W0 3 
and CoO. The stability of W-Co-Se is related to the effect of selenium; that is, 
selenium plays a role in protecting the electrochemical oxidation of cobalt and 
tungsten in a selenide compound. In terms of the activity, a charge transfer from 
metals to selenium changes the density of state (DOS) at Fermi level for these 
metals, which might be active sites. Such a change in DOS could play an important 
role in catalysis. For the ORR mechanism, it was proven that W-Co-Se catalyst 
mainly has a 2-electron reduction process. 


15.5 Metal Oxides for the ORR 

Metal oxide catalysts have been extensively studied over the last several decades 
for their ORR catalytic activities and electrochemical behaviors. Two types of 
metal oxide, the perovskite-type and spinel-type oxides, are the most attractive 
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electrode materials due to their high electrical conductivity and outstanding 
catalytic behavior [111-119]. 
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Figure 15.18. AB0 3 ideal perovskite structure showing oxygen octahedron containing the B 
ion lined through corners to form a tridimensional cubic lattice [119]. (Reprinted with 
permission from Chem Rev 2001;101:1981-2017. Copyright 2001 American Chemical 
Society.) 

Among perovskite-type oxides, lanthanoid element-transition metal complex 
oxides have been recognized as promising electrocatalysts for the oxygen reduction 
reaction in alkaline electrolyte. This type of oxide has high electrical conductivity 
at room temperature (in the order of 1-10 4 /Qcm) and significant stability against 
anodic oxidation in alkaline solution [120-122]. The general chemical formula of 
perovskite-type oxide is ABO3, as represented in Figure 15.18. A and B are cations 
with different sizes, A being the larger cation and B the smaller. In this structure, B 
is 6-fold coordinated and A is 12-fold coordinated with the oxygen anions. As can 
be seen in Figure 15.18, the corner-sharing octahedral forms the skeleton of the 
structure, in which the center position is occupied by the A cation. Alternatively, 
this structure can also be viewed with the B cation placed in the center of the 
octahedron and the A cation in the center of the cube. The catalytic activity and 
electrochemical behavior of perovskite-type oxides could be affected by the sort of 
A and B cations. As summarized in what follows, certain effects of A and B 
cations on catalytic activity and stability have been identified [123, 124]: 
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1. Activity and stability are strongly dependent on the nature of the B cation. 

2. In the case that the B cation is cobalt, AC 0 O 3 perovskite oxides will be 
very active ORR catalysts but they are not stable chemically in 
concentrated alkaline solution. In contrast, AFe0 3 perovskite oxides whose 
B cation is iron are very stable but not active catalysts. 

3. In the case that the B cation is manganese, AMn0 3 perovskite oxides show 
very high activity and stability. The catalytic ORR activity strongly 
depends on the nature of the A cation, in the order of La > Pr > Nd > Sm > 
Gd > Y > Dy > Yb. 

When lanthanoid ions, which are trivalent, are replaced by less valent ions, the 
ion valences of the B site will be changed, and at the same time the oxygen defect 
will be increased for charge compensation. It is believed that such a partial 
substitution by divalent or monovalent ions may result in improved conductivity 
and catalytic activity [123, 125]. For example, Lai_ x A x Mn0 3 (A=Na, K, or Rb) 
perovskite oxides in which the La 3+ is partially substituted by alkali ions exhibited 
promising catalytic behaviors in alkaline solution. Figure 15.19 compares the 
oxygen reduction catalysis of Lai_ x A x Mn0 3 catalyst in 8 M KOH solution. Partially 
substituted Lai_ x A x Mn0 3 electrodes show prominent oxygen reduction activity 
compared to LaMn0 3 electrodes. Among them, Rb substitution to form 
La 0 .gRbo, 2 Mn 0 3 with x = 0.2 gives the highest ORR activity. The activity order is 
Rb > K > Na. These alkali ions can also affect the ORR mechanism. For example, 
the order favoring 4-electron transfer from 0 2 to FLO was found to be: Rb > K > 
Na > La. In these perovskite oxides, Mn 3 and Mn 4 were considered the active 
sites; in particular, Mn 41 could be stabilized by the partial substitution of alkali 
ions. This stabilized Mn 44 site is believed to be responsible for the favored 4- 
electron reduction pathway. 



I / niA cm 2 

Figure 15.19. Polarization curves of gas diffusion-type oxygen electrode loaded with 
La 0 . 8 A 0 . 2 MnO 3 (A=Na, K, or Rb) in 8 M KOH at 60 °C [123]. (Reprinted from Hayashi M, 
Hyodo T, Miura N, Yamazoe N. Electrochemical oxygen reduction properties of perovskite- 
type oxides La 1 _ x A x Mn0 3 (A=Na, K. Rb) in concentrated alkaline solution. Electrochemistry 
2000;68:112-18. With kind permission of the Electrochemical Society of Japan.) 
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For spinel-type oxides, the general chemical formula can be represented as 
AB 2 O 4 , in which A is the cation in a tetrahedral site and B is another cation in an 
octahedral site. All oxygen anions are arranged as a close cubic array with cations 
filling 1/2 of the octahedral and 1/8 of the tetrahedral positions, as shown in Figure 
15.20. The unit cell of A 8 B 16 0 32 contains 32 anions, arranged in the densest cubic 
packing and forming 64 tetrahedral and 32 octahedral sites, in which 8 tetrahedrals 
(A site) and 16 octahedrals (B site) are occupied by cations [126]. A non-ideal 
spinel structure is formed as a result of the anion shifts from sites on the face- 
centered cubic lattice toward the nearest tetrahedral ion. In general, normal, 
inverse, and mixed spinels can be distinguished depending on the cationic 
distribution among the available positions. In the case of a normal distribution in a 
binary A[B ] 2 04 spinel, two B cations occupy the octahedral, while the A cations 
are located on the tetrahedral sites in the lattice. In the inverse B[AB]0 4 spinel, 
both A and B cations are distributed statistically in the octahedral sites, whereas 
only B cations are located in tetrahedral positions. There are also intermediate 
distributions, which can be characterized by specifying the fraction of B ions on 
tetrahedral sites, A 1 _ x B x [A x B 2 _ x ]0 4 . The thermodynamic stability of the cation 
distribution in binary spinels depends on the stabilization energy values of 
octahedral and tetrahedral oxygen coordination with different cations. These oxides 
were considered to have highly defective structures since the oxygen anions are in 
excess [127]. The excess of oxygen anions is believed to be the major factor 
determining the electrochemical properties of the defects. In these defects, some of 
the M 3+ and VI 2 can be converted to M 4+ and M 3+ , respectively, forming an 
“electroconductivity chain”. This chain can serve as a bridge for electron or hole 
transfer between the bulk and the surface of the spine oxides, resulting in the 
electrochemical reaction of bi- and tri-valent cations at the surface active center. It 
has been discussed that several factors such as ionic defects, electronic defects, 
crystallinity, lattice distortion, and surface electronic structure could have strong 
effects on the electrocatalytic activity of spinel-type oxides [138]. 




Figure 15.20. Idealized spinel structure. The lattice is built by alternating AO4 and B4O4 
units [126], (With kind permission from Springer Science+Business Media: Journal of 
Materials Science (fall set), Synthesis and features of binary cobaltite spinels, 29, 285-93, 
D. Klissurski, Figure 3, ©2005 Springer.) 
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Most of the spinel-type oxides as well as the perovskite-type oxides present 
high catalytic activity and stability towards the ORR in an alkaline solution. 
However, there are very few studies of these oxides in acidic media due to their 
low catalytic activity and stability, in particular for practical applications in PEM 
fuel cells in which the electrolyte has a strongly acidic environment. In pioneer 
studies, binaiy copper manganite (Cu x Mn 3 . x 04 , 0 < x < 1.8) was reported to be 
active towards ORR in a slightly acidic medium (pH 6.6) [129-131]. These spinel- 
type oxides have low electrical resistivity, in the range of 2.7 to 300 Qcm at 25 °C. 
It was reported that the catalytic ORR activity of Cuj 4 Mnj 6 0 4 was much higher 
than that of platinum [129]. Outstanding activity was attributed to the Mn 41 and 
Mn 31 cations. The Mn 44 can accept an electron from the solid substrate to form 
Mn 31 and then Mn 31 donates the electron to adsorbed oxygen molecules or atoms: 

Mn 41 + e" —>■ Mn 3+ (15.6) 

Mn 3+ + 0 2 Mn 4+ + 0 2 (15.7) 

Recently, rutile-type Ti0 2 oxides and other single-metal oxides have been also 
actively studied in the effort to improve ORR catalytic activity and stability in 
strong acidic media [90, 132-134]. It was found that Ti0 2 could catalyze the ORR 
with small amounts of hydrogen peroxide in alkaline solution, displaying a nearly 
4-electron 0 2 reduction reaction from oxygen to water [132]. Mentus [133] 
clarified that this ORR 4-electron transfer pathway could be transferred to a 2- 
electron transfer pathway when the solution was changed from basic to acidic. 
Unfortunately, this Ti0 2 catalyst has a very limited catalytic activity towards the 
ORR in both alkaline and acid solutions as compared with other metal oxides such 
as perovskite and spinel. 

It was also recently found that the ORR activity catalyzed by Ti0 2 is strongly 
dependent on the synthesis temperature [90]. Different preparation temperatures 
could result in various crystalline structures of Ti0 2 , such as Ti0 2 (rutile), TiO, and 
Ti n 0 2n _i (magneli phase). For example, a significant improvement in catalytic ORR 
activity was observed on Ti0 2 prepared at 900 °C, at which temperature the 
catalyst obtained had a higher TiO? (rutile) ratio compared with those catalysts 
prepared at other temperatures. Figure 15.21 shows the relationship between 
catalytic ORR activity and the ratio of rutile (110) plane to total Ti0 2 crystalline 
phase, prepared at various temperatures. It can be seen that the catalytic ORR 
activity increases by increasing the ratio of I(no/Itotai, where / is XRD peak 
intensity. Maximum activity was obtained at 900 °C. This indicates that the 
specific crystalline structure, such as Ti0 2 rutile, might play an important role in 
improved catalytic ORR activity. 

Additionally, other single metal oxides, such as Zr0 2 _ x , Ti0 2 _ x , Sn0 2 _ x , Nb0 2 _ x , 
and Co 3 0 4 _ x have also been investigated as ORR catalysts in strongly acidic media 
[135, 136]. These oxides were prepared by the reactive sputtering method in an 
ultra-high vacuum system. The thin film oxides of Zr0 2 _ x and Co 3 04 _ x were found 
to have catalytic activity towards the ORR and better chemical and electrochemical 
stability in sulfuric acid than platinum. However, the mechanism for the observed 
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catalytic activity is still not clear. Table 15.3 summarizes typical non-noble metal 
oxide catalysts reported for the ORR in both alkaline and acid solutions. 



Figure 15.21. Relationship between the potential at -0.1 pAcm 2 and the XRD peak 
intensity of Ti0 2 (rutile) (110) plane ( I(iio/Itoiai ) [90]. (Reprinted from Electrochimica Acta, 
52(7), Kim Jin-Hwan, Ishihara Akimitsu, Mitsushima Shigenori, Kamiya Nobuyuki and Ota 
Ken-Ichiro, Catalytic activity of titanium oxide for oxygen reduction reaction as a non¬ 
platinum catalyst for PEFC, 2492-7, ©2007, with pennission from Elsevier.) 


Table 15.3. Summary of non-noble metal oxides as electrocatalyts for the ORR 


Oxide type 

Components 

References 

Perovskite- 

L 11 M 11 O 3 , Ln 1 _ x Me' x Mn0 3 , Me'Mn0 3 

[124, 137-139] 

type oxides 

(Ln=La, Pr, Nd, Sn, Gd, Y, Dy.Yb... 

Me-Ca, Sr, Ba) 



Lni_ x Me' x Me"0 3 , 

Ln 1 _ x Me' x Me"i-yMe" y 0 3 , 

LnMe"0 3 (Me"=Co, Fe, Ni, Cu) 

[116,121, 140-148] 


La l . x Me" x 0 3 (Me"=Na, K, Rb) 

[123] 

Spinel-type 

Co 3 0 4 

[149-151] 

oxides 

Me"Co 2 0 4 (Me"=Mn, Ni) 

[152-157] 


LiMii 2 _ x Me" x 0 4 (Me'— 1 Co, Fe) 

[158] 


Cu x Mn 3 _ x 0 4 , Me''i. x Cu x Mii 20 4 
(Me"=Ni, Cr) 

[129, 130, 159] 


A X B y Mn 3 -(x+y )0 4 

[131] 


Ni x Al 1 . x Mn 2 0 4 

[160] 

Other oxides 

Ti0 2 

[90, 132-134] 


M 11 O 2 or Mn x O y 

[161-164] 


Cr 0 2 

[165] 


Zr0 2 - x , Co 3 0 4 . x 

[135, 136] 
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15.6 Conclusions 

For PEM fuel cell commercialization, Pt-based catalysts do not seem to be the 
solution in terms of both cost and performance. It is strongly believed that non¬ 
noble metal electrocatalysts should be the most important way to replace current 
state-of-the-art Pt-based catalysts. Although there are still many barriers to the 
practical use of non-noble electrocatalysts, significant progress has been made over 
the last several decades in both fundamental understanding and technical 
development. 

Since the 1960s, non-noble materials have been extensively explored as 
potential ORR electrocatalysts, and great progress has been achieved in catalytic 
activity and stability. Great effort has also been made to establish a fundamental 
understanding of the reaction mechanisms in order to develop new catalysts and 
improve catalyst performance. So far, most studies have been concentrated on 
transition metal oxides and macrocycles. In general, metal oxides with perovskite 
and spinel structures can only survive in alkaline media, where significant catalytic 
ORR activity and stability occur. In acidic media, the most promising non-noble 
ORR catalysts are transition metal macrocycles, in particular the heat-treated Fe-N 4 
and Co-N 4 catalysts. In studies of these catalysts, significant progress has been 
made in understanding catalysis mechanisms and the factors affecting ORR 
activity and stability. 

Other materials, including carbides, nitrides, oxynitrides, carbonitrides, and 
chalcogenides, have also been explored as new non-noble metal catalysts. Some of 
them demonstrate promising catalytic ORR activity and superior stability in acidic 
media. 

Although significant improvement has been achieved in the catalytic activity 
and stability of fuel cell non-noble catalysts, nothing so far is actually better than 
Pt-based catalysts. More intensive research and development are necessary, with a 
focus on the exploration of new catalyst materials and activity/stability 
improvement. It is believed that a breakthrough in non-noble catalysts will be 
made in the near future, under the strong driving forces of clean energy demands 
and fuel cell commercialization, as well as globalized R&D efforts. 
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CO-tolerant Catalysts 


Siyu Ye 


16.1 Introduction 

Fuel cell systems offer the promise of economically delivering power with 
environmental and other benefits. Recently, polymer electrolyte membrane fuel 
cells (PEMFCs) have passed the demonstration phase and have partly reached the 
commercialization stage due to impressive research efforts. Nevertheless, there are 
still some technological challenges to be solved. Among those challenges, (i) 
choice of fuel (gasoline, methanol, or hydrogen), (ii) efficient fuel processing, with 
reduction of weight, volume, and carbon monoxide (CO) residuals, and (iii) 
development of anode electrocatalysts tolerant to CO at levels of 50 ppm (with a 
noble metal loading of 0.1 mg cm 2 or less) are deemed to be the most significant 
barriers that PEMFCs must overcome to achieve complete commercialization. The 
first and second challenges are closely related to the source and purity of hydrogen 
as the fuel. 

The simplest and highest performing PEMFC systems employ pure hydrogen 
as the fuel. Since H 2 storage and supply devices are an issue, feeding the anode 
with the reformate of liquid alcohols, gasoline, or natural gas is the most popular 
choice, as they are readily available. The alcohols, gasoline, or natural gas are 
reformed using steam, partial oxidation, or autothermal reforming to produce the 
reformate - a hydrogen-rich gas stream (FI 2 , 40-70%) containing carbon dioxide 
(C0 2 , 15-25%), carbon monoxide (CO, 1-2%), and small quantities of inert gases, 
such as nitrogen and water vapor. Flowever, at current PEMFC stack operating 
temperatures of around 80 °C, the membrane electrode assemblies (MEAs) within 
the stack cannot tolerate such high CO levels. Therefore, the reformate must be 
passed from the reformer to a shift reactor and then to a catalytic preferential 
oxidation (PROX) reactor to reduce the CO content to less than 100 ppm, and in 
some cases down to a few ppm. The reformate can then enter the stack and react in 
the anode electrocatalyst layer of the MEA. The additional reformer, shift and 
PROX reactors significantly complicate and add extra cost to the PEMFC system 
[1]. For instance, Cu-based catalysts [2] were ordinarily used as the shift-converter 
catalysts in plants; however, it is difficult to use a Cu-based catalyst in the 
domestic-use PEMFC system. The PEMFC system would be frequently turned on 
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and off, and when it was turned off, the Cu catalyst would be easily oxidized by 
steam and air, and eventually deactivated. Therefore, precious metal catalysts such 
as Pt catalysts supported on CeCb-containing oxides were used in the PEMFC 
system. On the other hand, Pd [3], Au [3], Pt, or Ru [5] is used as the catalyst for 
preferential oxidation of CO at low temperature. Among these, the Ru catalyst 
exhibited high performance for preferential oxidation of CO and long-term stability 
under a low O 2 /CO molar ratio [5]. In any case, considerable amounts of precious 
metals were used in both a shift converter unit and a CO preferential oxidation 
unit, resulting in high cost. Moreover, this complicated system containing a CO- 
removal unit led to low efficiency and reliability. Therefore, developing CO- 
tolerant anode catalysts is a key priority. The US DOE 2011 targets for fuel cell 
stack CO tolerance are 500 ppm on steady state (with 2% max air bleed) and 1000 
ppm on transient [6]. 

In a PEMFC, when operating with pure hydrogen at practical current densities, 
the anode potential is typically less than +0.1 V (vs. RHE (reversible hydrogen 
electrode)). Under such operating conditions the cell potential is only slightly 
lower than the cathode potential and the MEA performance essentially reflects the 
cathode operation. However, when using reformate as a fuel, the CO in the 
reformate stream binds very strongly to the Pt electrocatalyst sites in the anode 
catalyst layer, at the typical MEA operating temperature of 80 °C. Even at ppm 
levels of CO, the CO coverage is above 0.98 [7]. The adsorbed CO prevents the 
dissociative electrosorption of hydrogen and dramatically lowers the cell potential 
produced by the MEA, since a much higher anode potential is required to sustain 
the rate of hydrogen electrooxidation [8]. Poisoning of Pt anode electrocatalysts by 
CO is deemed to be one of the most significant barriers to be overcome in the 
development of PEMFC systems. 

In addition, CO was found to be a poisoning adsorbate during the oxidation of 
methanol and other small organic molecules [9]. An important although not unique 
aspect of the catalysis of methanol oxidation in direct methanol fuel cells (DMFC) 
is related to the catalysis of CO oxidation. Therefore, methanol and CO oxidation 
reactions are both discussed in several reviews [10-12]. 

There are a number of ways to overcome the CO poisoning of electrocatalysts 
[13-15], namely: (i) advanced reformer design; (ii) use of CO-tolerant catalysts; 
(iii) oxidant bleeding into the fuel feed stream; (iv) employment of a bilayer 
(composite) anode structure; (v) higher cell operating temperature; (vi) use of 
membranes for CO separation; and (vii) pulsing the cell voltage to low values 
during cell operation, forcing the anode potential to operate for a short time at a 
potential positive enough to electrochemically oxidize CO to CO 2 . 

(i) Advanced reformer design. Most of the reformers, including the auxiliary 
processors that are currently available, are capable of producing a CO content of 50 
ppm or less after a warm-up period of up to 2 h. To acquire the bleeding oxidant 
effect by modifying the reformer, many researchers have considered the possibility 
of designing a new reformer to which auxiliary processors are fitted for clean-up 
steps, e.g., as shift converters and a selective oxidizer [16-18]. These methods 
would, however, increase the complexity and cost of the fuel cell system. Even 
when these additional stages are used, it is difficult to maintain low CO levels 
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during start-up and transient operations without the addition of an air bleed into the 
fuel stream [13, 19-24], 

(ii) Use of CO-tolerant catalysts. Because the use of CO-tolerant 
electrocatalysts would be more efficient and cause fewer associated problems, this 
is generally considered the most promising way for solving the CO poisoning 
problem in PEMFCs. A common approach consists of utilizing a second metal in 
the Pt-based anode catalyst, able to form oxygenated species (metal-OH) at 
potentials lower than for pure Pt [18, 25], Following a bifunctional mechanism, 
these metal-OFI species act as a source of oxygen, required for the oxidation of 
adsorbed CO to CO 2 , liberating active Pt sites on the surface of the catalyst 
material where the adsorption and oxidation of the gaseous hydrogen takes place 
[26], It has been also proposed that CO tolerance can be achieved by an electronic 
effect [27, 28], which is associated with an energy shift of the Pt 5d electronic 
states caused by the second element and resulting in a weakening of the Pt-CO 
interactions. 

It has been found that the use of a second element with Pt, such as Ru, Sn, Co, 
Cr, Fe, Ni, Pd, Os, Mo, Mn, etc., in the form of an alloy or a co-deposit yields 
significant improvement in the CO-tolerance relative to pure Pt [29-38]. Among 
these various Pt-based binary systems, the most commonly used catalyst is carbon- 
supported PtRu alloy (PtRu/C). This material is known to enhance CO tolerance, 
which can be ascribed to the electronic modification of Pt-Ru in PtRu alloys that 
decreases the CO binding energy on Pt and also binds OH strongly on the Ru 
active sites in the PtRu alloys [39]. Within this system, the performance of 
PEMFCs has been improved for fuel streams containing CO [40-42]. 

(iii) Oxidant bleeding into the fuel feed. Even with PtRu in a well-designed 
anode layer with the reformate operation there are losses in cell potential that are 
not recovered. The air bleed technique [8, 43] must be employed to introduce < 2% 
air into the fuel stream to catalyze the oxidation of CO to CO 2 . This recovers the 
cell potential losses at 100 ppm CO and most of the small loss due to 25% CO 2 . 
Fow levels of oxygen or oxygen-evolving compounds [8, 43-46] are bled into the 
fuel feed to decrease CO poisoning. With this procedure, the levels of CO 
produced in the reforming reaction can be reduced by reactions such as the water- 
gas shift (WGS) reaction and the selective oxidation of CO. (Note: CO can also be 
diminished by the methanation reaction with hydrogen but this is not efficient 
because it consumes the hydrogen.) Many working groups have reported that 
oxidant bleeding can be effective. In addition, hydrogen peroxide (H 2 0 2 ) in an 
anode humidifier has been successfully used to mitigate the level of CO in H 2 -rich 
feed [45, 46], In this case, however, fuel utilization will certainly be decreased and 
safety issues must also be considered [47]. During the bleeding of oxidant process, 
roughly one out of every 400 O 2 molecules participates in the oxidation of CO 
[48], and the remaining oxygen chemically combusts with hydrogen. This 
combustion reaction not only lowers the fuel efficiency, but might also accelerate 
the sintering of catalyst particles, leading over time to a performance decline. In 
addition, the chemical combustion might also create pinholes in the electrolyte 
membrane, which could result in cell failure. The increased temperature on the 
catalyst surface and accelerated membrane failure are drawbacks to this method if 
moderation is not observed. For this reason, a bilayer anode structure using a 
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platinum group metal-based gas-phase catalytic oxidation layer between the gas 
diffusion substrate and the PtRu electrocatalyst layer was adopted to extend the 
anode lifetime [43]. This moves the heat generation away from the PtRu 
electrocatalyst layer and the membrane. 

(iv) Employment of a bilayer (composite) anode structure. In accordance with 
the fuel selection, a more effective tolerance of CO in a PEMFC can be achieved 
by modifying the structure of the catalyst, i.e., with a composite or a double-layer. 
For example, the structure is designed to make the CO react with the CO-active 
electrocatalyst in advance at a separate layer and have the main hydrogen react at 
another layer with the traditional Pt electrocatalyst. There is still scope to optimize 
this type of structure and thus make the method even more effective for the 
suppression of CO poisoning. Although many attempts have been made in the last 
few decades to develop Pt-based binary or ternary electrocatalysts for replacing or 
reducing the platinum in the catalysts of PEMFCs, there has been less effort 
towards developing CO-tolerant electrodes by modifying their structure. The 
electrode structure relates to the diffusion process and reaction dynamics. In other 
words, because the diffusion coefficients of H 2 and CO are different, it is possible 
to design a special composite electrode structure according to the fuel components. 
In doing so, the anodes can be made with different electrocatalyst components, 
contents, and pore distributions. Therefore, this is considered to be a promising 
alternative approach to decreasing the poisoning of PEMFC anodes [43, 49-51]. 

Ralph et al. [43] discussed improvements in the reformate (CO and C0 2 ) 
tolerance at the anode and in extending the MEA durability. Improvements have 
been achieved by advances in platinum/ruthenium electrode design, in the 
application of bilayer anodes for durable air bleed operation. Johnson Matthey and 
Ballard Power Systems have significantly extended anode lifetimes by introducing 
a bilayer anode structure, in which a carbon-supported Pt-based catalyst layer is 
inserted between the PtRu electrocatalyst layer and the anode substrate [52]. It has 
been shown that the bilayer anode structure achieved a comparable MEA 
performance to the standard anode when operating both on reformate and on pure 
hydrogen. More importantly, the bilayer anode did not require an increase in the 
level of the air bleed beyond 3% to sustain the MEA performance, even after 2000 
hours of continuous operation. This minimizes the degree of electrocatalyst 
sintering and significantly reduces the possibility of membrane pin-holing. Using 
the bilayer anode has resulted in stable MEA performances over many thousands 
of hours of continuous operation. For example, for an MEA with a bilayer anode 
containing 0.35 mg Pt cnf 2 the reformate performance with a 2% air bleed was 
stable after in excess of 8000 hours of continuous operation. This bilayer approach 
may produce the required MEA lifetimes for PEMFC applications that need an air 
bleed to sustain reformate operation. 

Wan and Zhuang [51] proposed a novel layer-wise anode structure to improve 
the CO-tolerance ability and utilization efficiency of the catalyst. The layer-wise 
structure consists of an outer and an inner catalyst layer. The outer catalyst layer, 
acting as a CO barrier, is composed of two nano-Ru layers (0.06 mg cm 2 ) by the 
magnetron sputtering deposition method and a Pt 5 oRu 5 o layer (0.10 mg cm 2 ) by 
the screen-printing method on the GDL. The inner catalyst layer providing the 
hydrogen oxidation reaction is a pure Pt layer (0.07 mg cm 2 ) prepared by the 
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direct-printing method on the PEM. The roles of the outer and inner catalyst layers 
in the improvement of CO-tolerance ability and utilization efficiency of catalyst for 
the proposed catalyst layer structure were investigated. SEM, X-ray, EDS, and 
EPMA analysis were used to characterize microstructures, phases, chemical 
composition, and distributions for the obtained electrocatalyst layers. The 
hydrogen fuel containing 50 ppm CO + 2% 0 2 is continuously fed to the anode 
side to investigate the dependence of CO-tolerance ability over time for the MEAs, 
respectively. A combination of two deposited nano-Ru layers with a printed 
Pt 5 oRu 5 o layer to form the outer catalyst layer for the anode electrode provides 
superior CO-tolerance capability to that of conventional and Haug’s structures [53] 
in the presence of 2% 0 2 and oxygen-free hydrogen containing 50 ppm CO fuels. 
In the oxygen-free hydrogen fuel containing 50 ppm CO, the deposited nano-Ru 
layer functions as a separator and/or for the physical/chemical adsorption of CO 
from hydrogen. The excess CO completely transforms to C0 2 by the third Pt 50 Ru 5 o 
layer at the outer catalyst layer. While in the presence of 2% 0 2 hydrogen fuel 
containing 50 ppm CO, the deposited nano-Ru layer functions as a filter of CO 
from hydrogen, which reacts with the produced hydroxyl group from oxygen to 
form C0 2 . The excess CO reacts with the hydroxyl group formed from oxygen and 
water on the surface of the third Pt 50 Ru 50 layer of the outer catalyst layer, 
producing C0 2 . The fuel entering the inner catalyst layer is thus free of CO. The 
inner direct-printed Pt catalyst layer can thus maintain high activity in the 
hydrogen oxidation reaction. In other words, it is possible by combining two 
structures to achieve a low noble metal loading MEA with high CO-tolerance 
capability in both oxygen-free and oxygen-present hydrogen fuels containing 50 
ppm CO. 

(v) Higher cell operating temperature. There is a considerable drive to raise the 
operating temperatures of the PEMFC to above 100 °C. This would raise the 
system efficiency and dramatically improve the CO tolerance of Pt-based 
electrocatalysts. For example, the CO coverage on Pt drops from in excess of 0.98 
at 80 °C to ~0.5 at 160 °C [54]. At this temperature a Pt-based anode can function 
in the presence of 1 to 2% CO rather than with ppm levels of CO, eliminating the 
need for the PROX reactor. If the temperature can be raised to 160 °C, studies in 
the phosphoric acid fuel cell (PAFC) with 1 to 2% CO indicate that PtRh and PtNi 
may offer superior CO tolerance [55, 56]. Indeed, at 200 °C pure Pt is the favored 
electrocatalyst in the PAFC. At higher temperatures PtRu may not be the 
electrocatalyst of choice in the PEMFC. There is currently much research [57] 
aimed at developing membranes capable of proton conduction at 120 to 200 °C. 

(vi) Use of membranes for CO separation. There is also considerable interest at 
the present time in the development of membranes designed for purification and 
separation. One approach has been the development of high-temperature (140 °C) 
membranes [58]. The CO tolerance of PEMFCs increases with increasing 
temperature [59]. Therefore, to decrease CO poisoning, it is desirable to develop 
high-temperature membranes. On the other hand, increasing temperature decreases 
the life of the membrane and renders maintenance of membrane hydration more 
difficult. Work on phosphoric acid-doped polybenzimidazole revealed long-term 
chemical and mechanical stability at high temperature [60]. Nevertheless, there 
were still problems with membrane cycle-life and hydration. Other membrane 
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approaches can be used for separating hydrogen from gas mixtures. For example, 
the palladium membrane has been studied extensively but is still very expensive 
for use in fuel cells [61]. 

(vii) Pulsing cell voltage or current. It is possible to pulse periodically the load 
current [62], which reduces the potential on the cell to a value low enough to 
promote electrooxidation of CO on the surface. In fact, if the cell is kept at 
constant current in certain conditions it will start oscillations by itself [63]. The 
problem arises in accommodating both of those techniques into a fuel cell stack. It 
is most likely that some blend of using a catalyst with high resistance to poisoning 
and a dynamic cleaning technique could be used in future cells. 

The poisonous influence of carbon monoxide on platinum catalyst layers is well 
researched (e.g., [64-67]). Some reported work and critical reviews on CO 
tolerance and CO-tolerant catalysts have been published recently by Ralph et al. 
[43, 68, 69], Urian et al. [70], Ruth et al. [71], and Wee and Lee [15]. Other 
reviews of PEMFC CO poisoning can be found in the literature [11-13, 72-75]. 

This review discusses the mechanism of CO tolerance and the development of 
CO-tolerant catalysts. The development of Pt-based binary/ternary metallic 
electrocatalysts and Pt-free electrocatalysts is discussed. Useful information is also 
provided on characterization methods for the understanding of the mechanism of 
CO tolerance and the evaluation of anode electrocatalysts. 


16.2 Mechanisms of CO Tolerance 

PEMFC performance degrades when CO is present in the fuel gas; this is referred 
to as CO “poisoning”, a term that may have to be revised, as discussed later in this 
chapter. Several studies have investigated the deleterious effect of carbon 
monoxide on platinum catalyst layers (e.g., [64-67]). This results from the 
attachment of a CO molecule onto the catalyst surface, thereby reducing the 
surface available for hydrogen reactions. Linear or bridge-bonded CO species are 
formed on the catalyst surface [64, 67, 76]. Such strong binding has been explained 
by electron donation from the 5o carbon monoxide orbital to metal, and 
subsequent transfer of two electrons from the d metal atomic orbital to the 
antibinding 271* CO orbital, as shown in Figure 16.1. This electron transfer is 
known as back-donation. 

Despite its importance for low-temperature fuel cells, the exact mechanism of 
CO oxidation on Pt and the role of co-catalysts are still far from being understood. 
On Pt(l 1 1), the saturation coverage of CO corresponds to a (2><2)-3CO adlayer 
with a coverage of v = 0.75 at low potentials according to STM and FTIR results 
[77]. Here, the coverage v is the ratio of CO molecules to Pt-surface atoms. At a 
potential around 0.4 V, a part of the adsorbate is oxidized, and the adlayer 
transforms into a lower coverage adlayer with v = 0.68; Villegas et al. have 
suggested a (vl9 x vl9)R 23.4° structure based on STM results [77]. It is generally 
accepted that the oxidation of the adlayer proceeds according to a Langmuir- 
Hinshelwood mechanism. The exact identity of the oxygen species, however, is not 
really clear. Also, the literature describes contradictory results concerning the 
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surface diffusion of CO. Whereas fast diffusion should lead to the classical rate 
equation for a Langmuir-Hinshelwood mechanism as usually treated in textbooks 
(the rate is proportional to 0(1 - 0), where 0 is the ratio between coverage and 
maximum coverage), slow diffusion leads to an oxidation behavior determined by 
a nucleation and growth mechanism [78-82]. 



Figure 16.1. The energy level of carbon monoxide molecules, and the formation of metal- 
carbon monoxide bonding [449]. (Reprinted from Grgur BN, Markovic NM, Lucas CA, 
Ross PN. Electrochemical oxidation of carbon monoxide: from platinum single crystals to 
low temperature fuel cells catalysis. Part I: carbon monoxide oxidation onto low index 
platinum single crystals. J Serb Chem Soc 2001;66:785-97. With permission from the 
Serbian Chemical Society.) 


The transition between the high coverage phase and low coverage phase leads 
to the so-called pre-peak in cyclic voltammetry, which was also observed on 
polycrystalline Pt and other surfaces (like vicinally stepped Pt(l 1 1) [24, 83-85]), 
and which is often referred to as a weakly adsorbed state. By recording potential 
transients during oxidation of the adsorbed CO under galvanostatic conditions, it 
has been shown that the oxidation of that amount of CO that desorbs during the 
transition between the two adsorbate states does not follow any of the Langmuir- 
Hinshelwood-type rate equations [86]. The transients rather suggest an Eley Rideal 
mechanism. Probably, CO is oxidized at defect sites on the surface, the number of 
which is constant and to which CO diffuses quickly at high coverage. In contrast, 
the galvanostatic potential transients during further complete oxidation showed the 
potential maximum typical for both types of Langmuir-Hinshelwood mechanisms 
(i.e., fast or slow diffusion) only after oxidation of approximately one tenth of the 
adsorbate at nearly constant potential. 

The promotional effect of ruthenium in improving the CO tolerance of Pt anode 
catalysts for proton exchange membrane fuel cells (PEMFCs) has long been 
recognized [87] and carbon-supported PtRu catalysts are currently seen as the best 
anode catalysts when reformate is the anode feed in such fuel cells [43, 88]. 





766 S. Ye 


However, there is also an ongoing debate concerning the action of co-catalysts. 
The mechanism by which the promotion occurs was described by Watanabe and 
Motoo [89] as bifunctional, with Ru supplying oxygen species at lower potentials 
that facilitate the removal of adsorbed CO from the active Pt sites (by the 
activation of water to form OH) as well as decreasing the strength of the Pt-CO 
bond via a perturbation of electronic properties of the Pt atoms (a ligand effect). It 
has also been shown that neither of these two effects alone is able to explain the 
co-catalytic effect of Ru in fuel cell anodes [90]. Considerable effort has gone into 
further understanding the details of this mechanism and several excellent reviews 
are available that summarize the findings [12, 91, 92]. 

In the case of less noble co-catalysts, it is also often assumed that they act 
according to the bifunctional mechanism. In the case of Mo, this effect seems to be 
limited to the oxidation of the weakly adsorbed CO [93]. The Pt 3 Sn(hkl) alloys 
have shown a high activity for bulk CO oxidation that is correlated to a weakly 
adsorbed state of CO, with an onset potential that is lower by approximately 300 
mV [34]. Moreover, it was also demonstrated with Sn modifications of Pt single 
crystal surfaces that a major promoting effect is the shift in the onset potential of 
the oxidation of the weakly adsorbed state of CO to much lower values and, in 
addition, that the population of the weakly adsorbed state is drastically increased 
[24, 83, 94]. A prerequisite for the high CO oxidation activity of Sn/Pt surfaces is a 
uniform distribution of co-adsorbed Sn, e.g., by step decoration of the Pt(3 3 2) 
electrode. The oxidation potential of the “strongly adsorbed state”, on the other 
hand, is hardly shifted. It is therefore assumed that contraiy to what is generally 
believed, Sn mainly has an electronic influence on neighboring Pt atoms, changing 
the binding energy of CO to Pt. On a Pt(l 1 1) electrode, Sn is much less active, 
and this is due to the formation of 2D islands, which, however, are very mobile in 
the absence of co-adsorbed CO, as shown in a recent STM study [39]. For the 
maximum coverage v (ratio of Sn atoms to surface Pt atoms) of Sn on Pt(l 1 1), a 
value of 0.33 was postulated. This was only based on a correlation of the oxidation 
peak charge (presumably OH adsorption on or within the Sn adlayer on Pt(l 11)) 
to the suppression of hydrogen adsorption. 

16.2.1 Electrochemistry of Carbon Monoxide and Hydrogen 

In order to understand the behavior of a PEMFC in the presence of CO, the 
electrochemistry of CO and hydrogen on the surface of platinum must be 
understood. This is because platinum or its alloys are invariably used and needed in 
low-temperature acid electrolyte fuel cells to facilitate the electrochemical reaction 
for the production of electric power. The electrochemistry of CO in an acidic 
environment has been studied extensively [95] and reviewed by Baschuk and Li 
[96]. CO oxidation and adsorption occurs on the (1 0 0) and (1 1 0) sites of 
platinum in an acid electrolyte. The adsoiption of CO involves CO linearly bonded 
to platinum, and the adsorption isotherm is that of a Tempkin isotherm, which can 
be written as [97]: 
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The interaction parameter and the free energy of adsorption were found to be 
functions of temperature, and in addition, the interaction parameter was found to be 
highly dependent on catalyst structure. Also, this relation was only valid for 
relatively high temperatures of greater than 130 °C; for low temperatures, such as 
those encountered in a PEMFC, the coverage appeared to be a function of the 
anode potential as well as the concentration, in addition to the temperature and 
catalyst structure. 

The oxidation of CO occurs from a voltage range of 0.6-0.9 V, depending on 
the voltage sweep rate used in the voltammetry experiment [95]. The rate of 
oxidation of CO at low coverage is rapid while the rate is poisoned by a high 
coverage of CO. This dependence on coverage could be explained if the 
electrochemical oxidation of CO involved adjacent surface sites [98]. 
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where M is a metal adsorption site. Equation 16.2 is a very rapid adsorption step; 
in most experimental situations, the rate of CO adsorption is controlled by the 
diffusion of CO to the metal catalyst surface. This step determines the initial 
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surface concentration of the reactant pairs. Equation 16.3 is the electron-transfer 
step, which is rate determining for any fixed concentration of reactant pairs. 
Equation 16.4 is the final electron transfer reaction and is assumed to be rapid 
compared to Equation 16.3. This mechanism of CO oxidation can be thought of as 
CO lowering the energy of activation for the dissociation of water, and is similar to 
the catalyzed gas-phase oxidation of CO by oxygen. 

The oxidation of hydrogen and the effect of CO in an acid environment have 
also been extensively studied. The mechanism for electrochemical hydrogen 
oxidation over smooth platinum in an acid electrolyte is the slow dissociation of 
adsorbed hydrogen molecules to hydrogen atoms, known as the Tafel reaction, 
followed by the fast electrochemical oxidation of the adsorbed hydrogen atoms, 
known as the Volmer reaction [99]. This is illustrated below: 

H 2 + 2M <-> 2MH Tafel (16.5) 

2MH <-* 2M + 2H + + 2e" Volmer (16.6) 

It was also discovered that the dissociative chemisorption of hydrogen on platinum 
was independent of both surface geometry and crystallite size, leading to the result 
that the exchange current density for the hydrogen reaction was independent of 
catalyst structure [100]. 

The mechanism of CO poisoning of the hydrogen oxidation reaction was found 
to be as follows [100]. CO chemisorbs on the platinum sites to the exclusion of 
hydrogen. This is possible because CO is more strongly bonded to platinum than is 
hydrogen, as indicated by a greater potential required for the oxidation of CO than 
of hydrogen, and a sticking probability of CO on platinum 15 times higher than 
that of hydrogen on platinum. Also, if the Gibbs free energy of adsorption of 
hydrogen and CO are compared and it is assumed that the Gibbs free energy of 
adsorption for CO continues to become more negative as temperature decreases, 
CO will preferentially adsorb to platinum due to the more negative Gibbs free 
energy of adsorption. The result is that even a relatively small concentration of CO 
can result in the complete coverage of the platinum surface, to the exclusion of the 
hydrogen. In spite of CO preferentially adsorbing on the platinum surface, the rate 
of hydrogen oxidation on even the few remaining platinum sites is so rapid that it 
controls the surface potential or free energy of the catalyst. Unfortunately, because 
this potential is less than the potential needed to oxidize CO, the coverage of CO 
remains at that dictated by the CO adsoiption isotherm. Thus, the mechanism of 
CO poisoning of hydrogen oxidation is that linearly-bonded CO blocks sites for the 
dissociative chemisorption of hydrogen, and the current density, or reaction rate, of 
hydrogen in the presence of CO is reduced and can be written as: 

i h 2 /co = i h 2 (1 ~ $co) 2 (16.7) 

Thus, the coverage of CO on the platinum electrode surface becomes a significant 
parameter in the performance of an electrode. In the experimental studies cited 
earlier, it was concluded that the coverage of CO was a function of potential as 
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well as CO partial pressure. Also of interest, CO and hydrogen do not interact 
during their co-adsorption at temperatures of less than 200 °C. However, it has 
been noted that the apparent activation energy for hydrogen oxidation increases 
with increasing CO concentration, indicating an increased difficulty for the 
hydrogen to oxidize in the presence of CO [97]. This was speculated to be because 
either CO preferentially adsorbed to the “best” sites for hydrogen oxidation or 
hydrogen was involved in the CO oxidation process. 

Another aspect of CO poisoning that has been studied is termed carbon dioxide 
(C0 2 ) poisoning. At C0 2 concentrations in excess of 25%, the voltage losses in the 
anode are greater than what can be accounted for through the reactant dilution, or 
the so-called Nernst losses [101]. It was theorized that this was due to C0 2 
converting to CO through either the reverse water gas shift reaction: 

C0 2 + H 2 -> CO + H 2 0 (16.8) 

or by the electroreduction of C0 2 : 

C0 2 + 2H + + 2e" -> CO + H 2 0 (16.9) 

Wilson et al. [101] discovered that the severity of C0 2 poisoning decreased if all of 
the anode catalyst was tied up within an electroactive structure. Since Equation 
16.8 requires only a catalyst site in contact with the gas phase, this indicates that 
Equation 16.8 is more prevalent than Equation 16.9, which requires a site with 
good gas, ionic, and electronic access. 

Table 16.1. The equilibrium concentration, in ppm, of CO with varying temperature, 
relative humidity and total pressure. CO concentration for a total pressure of 3 atm is given 
in parentheses while the values not in parentheses are the result of a total pressure of 1 atm. 
The initial concentration of dry gas is 25% C0 2 and 75% H 2 [96], (From Baschuk J, Li X, 
Carbon monoxide poisoning of proton exchange membrane fuel cells, International Journal 
of Energy Research, ©2001 John Wiley & Sons Limited. Reproduced with permission.) 


Initial relative humidity of H 2 0 

Temperature 

(°C) 

0 

50 

80 

100 

25 

1310(1310) 

106 (308) 

65.2(198) 

51.5(159) 

50 

2590 (2590) 

98.0 (315) 

56.6(194) 

42.9(153) 

80 

4920 (4920) 

62.2 (269) 

26.0(152) 

15.0(113) 

95 

6500 (6500) 

35.7 (233) 

7.25(119) 

1.44 (82.0) 


An increase in temperature will increase the equilibrium concentration of CO, 
if the initial relative humidity is zero. However, with the initial presence of water 
vapor in the fuel stream, an increase in temperature will decrease the equilibrium 
concentration of CO. This is because the partial pressure of water increases at 
higher temperatures, which drives Equation 16.8 to the left and results in a 
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decreased CO concentration. An increase in total pressure results in an increased 
equilibrium concentration of CO due to the larger partial pressures of CO 2 and H 2 , 
which drives Equation 16.8 to the right. The majority of equilibrium concentrations 
of CO calculated in Table 16.1 are well in excess of the 2-10 ppm CO that a 
PEMFC can tolerate and thus operation with 25% C0 2 should be impossible. 
However, the fact that cell operation is possible under these conditions may be 
explained by the fact that the water gas shift reaction does not proceed rapidly at 
temperatures experienced by a PEMFC. As a result, the actual concentration of CO 
may be much less in an operating PEMFC than the equilibrium value shown in 
Table 16.1. This may also explain why the effect of this C0 2 poisoning is minimal 
if CO is already present, as the effect of CO is much greater than that of the C0 2 
poisoning [74], Thus, the production of CO from C0 2 was found to be kinetically 
limited and the effect was negligible unless no CO was initially present in the fuel 
gas and the concentration of C0 2 was high (say, 25% or higher). 

16.2.2 Characteristics of PEMFC CO Poisoning 

The polarization of a PEMFC in the presence of CO yields interesting results. 
Oetjen et al. [102] examined the effect of CO on a PEMFC performance. The cell 
operating temperature was 80 °C and CO concentrations of 25, 50, 100, and 250 
ppm were used in the fuel gas. It was found that for hydrogen and 25 ppm CO, the 
cell polarization curve looked similar to the curve without CO, only with a more 
negative slope. However, for CO concentrations greater than 100 ppm, the 
polarization curve had two distinct slopes. The lower slope was explained by the 
adsorption and oxidation kinetics of hydrogen and CO at the anode. At increasing 
current densities, the potential of the anode increased to values at which adsorbed 
CO could be oxidized to C0 2 , thus leading to higher reaction rates for hydrogen 
adsorption and oxidation. The poisoning of a PEMFC is illustrated in Figure 16.2. 
It was also found that the poisoning effect takes a significant amount of time to 
reach steady state, as illustrated in Figure 16.3. The CO poisoning could be 
reversed by operation at open circuit voltage with pure hydrogen for 2-3 h. 
Therefore, the CO poisoning effect must be taken as a transient phenomenon in the 
operation of PEMFCs used in transportation applications. Similar PEMFC 
performance data with CO in the fuel gas can be found in the literature [101, 103, 
104], 

Zawodzinski et al. [105] compared their PEMFC poisoning data with others’ 
and found discrepancies in the amount of CO that could be tolerated. It was 
surmised that these discrepancies may have been due to different flow rates. Lower 
flow rates allow better CO tolerance via the oxidation of CO by oxygen crossover 
from the cathode to the anode, thus freeing up sites for the hydrogen oxidation 
reaction. This conjecture may be confirmed by an estimate of the amount of 
oxygen crossover from the cathode. 
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Figure 16.2. Illustration of the effect of CO oil a PEMFC [102], (Reproduced by permission 
of ECS—The Electrochemical Society, from Oetjen H-F, Schmidt VM, Stimming El, Trila 
F. Performance data of a proton exchange membrane fuel cell using EE/CO as fuel gas.) 



Figure 16.3. Illustration of the transient nature of the CO poisoning of a PEMFC. CO 
concentration is 100 ppm [102], (Reproduced by permission of ECS—The Electrochemical 
Society, from Oetjen H-F, Schmidt VM, Stimming Li, Trila F. Performance data of a proton 
exchange membrane fuel cell using H 2 /CO as fuel gas.) 

16.2.3 Bifunctional Mechanism of CO Tolerance 

Despite the wealth of research in this area, the reasons for the effectiveness of Pt- 
Ru over other alloys are still hotly debated. Two widely accepted mechanisms for 
the oxidation of CO from the Pt-Ru surface exist [31, 106-109]: (1) the 




772 S. Ye 


“bifunctional” mechanism and (2) the direct mechanism, enabled by the ligand or 
electronic effect. 

To remove CO a d s from the surface it is necessary to generate some oxygenated 
species that can react with CO ads to produce C0 2 and release some free sites on Pt 
surfaces for the hydrogen oxidation reaction. The mechanism for the oxidative 
removal of the CO a d S from platinum anodes has been a topic of intense 
investigation for the past 40 years. The overall reaction for removing CO ads is 

CO ads + H 2 0 = C0 2 +2H++ 2e E o25 o C =-0.10 V (vs. NHE) (16.10) 

The mechanism of hydrogen oxidation in the H 2 /CO mixtures on platinum has 
been given by Equations 16.2-16.6. 

Hydrogen oxidation reaction occurs on the free sites liberated during the time 
between CO ads oxidative removal, Equation 16.4, and CO re-adsorption from 
solution. Equation 16.2. At the low potential (E < ~0.6 V) the rate constant of COb 
re-adsorption is much higher than the rate constant for CO ads oxidation, and in 
practical terms only an infinitely small number of platinum sites could be liberated 
for H 2 oxidation. 

The hydrogen oxidation reaction reaches maximum at the same potential where 
CO ads is oxidized by Pt-OH (coverage with CO ads in that potential region tends to 
zero). According to this, it is necessary to provide a supply of OH species to 
adjunct platinum atoms covered by CO ads using some other metal that does not 
adsorb CO. This is known as a bifunctional catalyst. Schematic representation of 
such a catalyst is given in Figure 16.4. 


Pt-CO ads +M- OH =Pt + C0 2 + H + + M + e 



Based on early work by Watanabe and Motoo [89] (originally on the enhanced 
oxidation of CO and methanol at Pt electrodes with various oxygen-adsorbing 
adatoms [34, 39, 81-83, 90, 93, 94]), a bifunctional mechanism involving water 
activation by Ru (Equation 16.11) and subsequent CO electrooxidation on a 
neighboring Pt atom (Equation 16.12) has been postulated by a number of groups 
[20,102,103,110-112], 


Ru + H 2 0 = Ru-OH + H + + e 


( 16 . 11 ) 
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Pt—CO + Ru—OH — CO 2 + H + + e + Pt + Ru (16.12) 

It should be noted that Ru-OH means simply oxygen-containing surface species at 
the Ru surface; the exact nature of this species is still unknown. 

To investigate the mechanism of CO tolerance by PtRu, half-cell studies in 
H 2 SO 4 at 80 °C with PEMFC anode structures containing Nafion were performed 
using pure CO as the reactant. The half-cell outlet gas was analyzed using in-line 
mass spectrometry for evidence of C0 2 - to examine PtRu for CO electrooxidation 
activity (Equation 16.12). The results indicated that CO electrooxidation was 
occurring on PtRu at above +0.25 V (vs. RHE). This is some 0.2 V less anodic than 
required for pure Pt electrocatalysts and reflects the greater ability of the Ru to 
adsorb water (Equation 16.11), as compared with Pt. In the cyclic voltammograms 
measured in H 2 SO 4 at 25 °C, the promotional effect from PtRu is also reflected in a 
lower peak potential for CO electrooxidation at the electrodes: PtRu (+0.5 V (vs. 
RHE)) compared with Pt (+0.8 V (vs. RHE)). Both the half-cell and the cyclic 
voltammetry studies confirmed that at anode potentials above +0.25 V (vs. RHE) 
the improved CO tolerance of PtRu is due to the enhanced electrocatalysis of CO 
electrooxidation to C0 2 (Equations 16.11 and 16.12). 

This mechanism has been adopted as the explanation of CO-tolerant H 2 
oxidation on other Pt-M alloy catalysts. Although practically all transition metals 
are oxidized in acid solutions, the fact is that only a few metals alloyed with 
platinum show certain activity for oxidation of H 2 /CO mixtures, as such metals 
have to be able to provide OH at low potential (e.g., near the hydrogen reversible 
potential). Research has been conducted on both Pt-M bimetallic nanocrystals such 
as Pt-Ru, Pt-Sn, and Pt-Mo [20, 21, 35, 113] and M-decorated Pt single crystals 
involving Ru [16-20, 26, 44-47, 70, 81, 106-108, 114-122, 123-128], Mo [24, 70, 
126-128, 129-131], Sn [26,29-31, 125] and other transition metals [42, 114, 129, 
130]. The bifunctional mechanism is generally acknowledged as the dominant 
effect for single-crystal Pt decorated by other metals, particularly for Ru on Pt(l 11) 
[46, 106-108, 124], 

16.2.4 Direct Mechanism of CO Tolerance (Ligand or Electronic Effect) 

The bifunctional mechanism does not take into account a possible change in the 
CO binding energy on Pt induced by Ru (often referred to as an electronic effect), 
nor does it directly describe the effect of CO and OH competitive adsorption on the 
Ru. The origin of such an effect has not yet been completely understood. On the 
one hand, according to the c/-band shift model of Hammer and Norskov [131], it 
was proposed that the addition of a second element, by donating electron density, 
provides modification of the electronic interactions between Pt and the CO 
adsorbate. Such a “ligand effect” [118, 132-136] results in a decrease of the Pt-CO 
bond strength and yields facile CO a d S electrooxidation, either directly by OH 
deposited on the Pt surface, or by enhancing Pt-H 2 0 activation and thereby 
allowing the reaction of OH and CO directly on the Pt. The ligand model proposes 
that ruthenium modifies the electronic properties of platinum, weakening the Pt- 
CO bond and thereby lowering the CO electrooxidation potential. 
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The electronic effect has been suggested to provide increased tolerance to CO 
in reformate systems, presumably by weakening the Pt-CO bond and decreasing 
the CO coverage, thereby increasing the anode efficiency by leaving more surface 
sites free for H adsoiption at low potential [31]. Additionally, the ligand effect has 
been shown to have a large effect on Pt atoms near Ru islands for Ru/Pt(lll), but 
Pt atoms far from these islands are minimally affected [116]. The externally 
exposed Ru islands are known to be in some stage of oxidation in an aqueous 
electrode (i.e., RuO n H m ) at nearly all potentials [127]. Recent experiments using 
well-defined PtSn and PtMo electrodes [119, 120, 127, 128] have shown that both 
surfaces are better CO oxidation catalysts than PtRu, even though both may not be 
particularly useful as practical CO-tolerant hydrogen or methanol oxidation 
catalysts. This enhanced performance compared with PtRu was ascribed to a lack 
of adsorption of CO on either Sn or Mo, leaving more adsorption sites for oxygen- 
containing species. 

The consequences of the ligand effect and the bifunctional mechanism for CO 
oxidation on Pt/Ru have been debated extensively in the literature. The emerging 
consensus seems to be that the ligand effect is less important than the bifunctional 
mechanism [106, 107, 138-142]. Some authors have attempted to quantitatively 
determine the relevance of the ligand effect as compared to the bifunctional 
mechanism, with Masel, Wieckowski, and coworkers concluding that about 20% 
of the enhancement in CO oxidation afforded by Ru deposition can be attributed to 
the ligand effect, while the remaining 80% of the enhancement is due to the 
bifunctional mechanism [106, 107]. 

16.2.5 Surface Science Study and Modeling of CO-tolerance Mechanism 

CO adsorption and oxidation have been studied for many years, but a greater 
understanding was achieved by the development of ex situ and in situ spectroscopic 
and microscopic methods for application in electrochemistry [9, 143-146], 
together with the use of well-defined nanocrystalline electrode surfaces [147]. The 
opportunity to study in situ electrooxidation of carbon monoxide [148-157] under 
fuel cell reaction conditions has brought significant progress in understanding 
interfacial electrochemistry on metallic surfaces. In combination with conventional 
electrochemical methods these techniques have been used to find connections 
between the microscopic surface structures and the macroscopic kinetic rates of the 
reactions. 

Pt-Ru alloy [158-160] or Ru modified Pt surfaces [161] are known to be 
prominently effective catalysts for methanol oxidation. Watanabe and Motoo [87] 
introduced a “bifunctional mechanism” into electrochemical interfaces in that Ru 
in Pt-Ru alloy surfaces supplies OH moieties to promote CO oxidation on 
neighboring Pt surfaces. In this context, it is crucial to elucidate water or hydroxide 
that are anticipated to adsorb on Ru in the alloy or modified Pt electrode surfaces. 
Nevertheless, there have been substantial uncertainties on this point because of 
experimental constraints in vibrational spectroscopy relevant for this purpose, e.g., 
poor sensitivity or uncompensated interruption by bulk solution species in IRAS 
(infrared reflection absorption spectroscopy). Watanabe and co-workers recently 
reported that water molecules were detected on the Pt-Ru alloy surfaces, a finding 
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dissimilar to those for Pt surfaces, using ATR-IR spectroscopy [108]. It seems, 
however, that the surface morphology of their Pt [160] and Pt-Ru alloy films [108] 
prepared with a sputtering method was not optimized to obtain fairly large 
enhancement for the IR absorption from adsorbates. Possibly, the enhancement 
factor of such Pt films was not sufficiently large to detect rather weak water bands, 
as absorbance of the O-H stretch is about 1/18 compared to on-top CO. In contrast, 
Pt films prepared by electroless plating give much larger IR absorption for 
adsorbates by a factor of > 10 [161-163]. Concerning the bifunctional mechanism, 
Friedrich et al. reported on the Ru-modified Pt(l 1 1) surface that (1) an Ru island 
with 2-5 nm size and monoatomic height is formed by electrochemical deposition, 
of which coverage is feasibly controlled by the deposition potentials, and (2) the 
CO oxidation peak is shifted to more negative potentials by -120-130 mV due to a 
cooperative mechanism between Pt and Ru involving CO surface mobility [112, 
164, 165]. At this stage, it appeared necessary to characterize water and CO 
adsorbed on various alloy or modified Pt surfaces, using ATR-SEIRA 
spectroscopy to provide information on the role of Ru in their catalytic activity. 
Consequently, it was found using ATR-SEIRA spectroscopy that (1) preferentially 
adsorbed CO on the Ru surface was oxidized up to -+0.3 V, (2) it induced marked 
adsorption of water on the empty Ru surface, which could accelerate the following 
CO oxidation on the adjacent Pt surface, compatible with the bifimctional 
mechanism, and (3) diffusion of surface species from Ru to Pt was indicated in a 
dilute CH 3 OH solution. Highly sensitive ATR-SEIRA spectroscopy was used by 
Futamata and Luo [166] to elucidate water, CO, and electrolyte anions adsorbed on 
the Ru-modified Pt film electrode. CO on Ru domains was oxidized below 
-+0.3 V, followed by pronounced water adsorption. Since the oxidation potential 
of CO on the Pt domain was significantly reduced compared to that on bare Pt, 
these water molecules on Ru obviously prompted CO oxidation on the adjacent Pt 
surface, consistent with the bifunctional mechanism. Diffusion of adsorbate from 
Ru to Pt surfaces was indicated in dilute CH 3 OH solution by spectral changes with 
potential. 

In order to understand the mechanism of CO and methanol electrooxidation on 
binary platinum alloys catalysts, much work is needed on the surface structure 
(including its electronic aspects) and its relationship with the reactivity. Adsorbed 
carbon monoxide exhibits a surface-sensitive behavior, which influences the 
vibrational frequencies of the C-O band. Consequently, in situ Fourier transform 
infrared (FTIR) spectroscopy appears to be a useful technique for studying CO 
interaction with the surface. CO tolerance of carbon-supported Pt 80 Ru 2 o, Pt 80 Os 2 o, 
and Pt 85 Coi 5 electrocatalysts has been studied by Garcia et al. [167] in 0.1 M 
perchloric acid solution, applying cyclic voltammetry and in situ FTIR 
spectroscopy. It was shown that FTIR spectra can be acquired during CO oxidation 
at these technical materials in an electrochemical cell, yielding valuable 
information on the reactivity and allowing predictions on their behavior in a 
polymer electrolyte membrane fuel cell (PEMFC). Linear adsorbed CO is the main 
adsorbate, but small amounts of bridge-bonded CO are also formed. Moreover, 
COH species seem also to be present for Pt 80 Os 2 o and Pt 85 Coi 5 . All bimetallic 
alloys are able to oxidize adsorbed CO at lower potentials than platinum, and a 
shift of about 0.20 V has been determined. From the FTIR spectra, fundamental 
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information can be obtained on the CO adsorption energies and metal properties of 
these systems. 

The electronic effect may be inferred from XPS measurements of the 
Pt(111 )/Rn system [168] and X-ray absoiption spectroscopy (XAS) measurements 
of Pt/Ru alloy nanoparticles [29], which have indicated a transfer of electron 
density from Pt to Ru. The electrocatalytic activity for oxidation in the presence of 
100 ppm CO has been investigated by Watanabe et al. [169] using XPS and FTIR, 
on a series of binary Pt alloy electrocatalysts with non-precious metals of various 
compositions. At these CO-tolerant electrodes, the equilibrium coverage of CO 
was suppressed to values less than ~0.6. Based on X-ray photoelectron 
spectroscopy (XPS) data, it was found that the surfaces of all non-precious metal 
alloys are composed of a thin Pt layer with an electronic structure different from 
that of pure Pt, indicating an increased 5d vacancy of Pt in the layers of the CO- 
tolerant alloys. The CO coverage, particularly with multi-bonding, was lowered 
due to decreased electron donation from the Pt band to the 271* orbital of CO. A 
weakening of bond strength between the Pt skin layer and CO was also indicated 
by in situ FTIR, suggesting that the H 2 oxidation sites are not blocked by CO due 
to its enhanced mobility. Thus, the mechanism of CO tolerance described above at 
the Pt skin on alloy surfaces was proposed as a “detoxification mechanism”. 

XPS and FTIR spectroscopy have also been used by Tillman et al. [170] to 
study the co-adsorption of CO with Sn on Pt(l 1 1). It was concluded that Sn exerts 
an electronic influence on CO molecules adsorbed in its neighborhood. This 
influence leads to the disappearance of the band at 1780 cmindicative of the 
(2><2)-3CO adlayer at low potentials and to a shift of CO from the strongly 
adsorbed state to the weakly adsorbed state. Alternatively, the disappearance of the 
1780 cm 1 band might also be explained by a disturbed order in the neighborhood 
of the Sn islands. Such an effect is observed for CO adsorbed at unmodified 
stepped surfaces, but it does not lead to a shift to the weakly adsorbed state. In 
addition, there also seems to be an effect according to the bifunctional mechanism, 
which is active only for the weakly adsorbed state but extends over all the surface, 
including that part of the adsorbate that is not electronically influenced by Sn. 
Similar to the case of Mo, this effect does not work for the strongly adsorbed CO. 

In situ XAS measurements, including both X-ray absorption near edge 
spectroscopy (XANES) and extended X-ray absorption fine structure (EXAFS) at 
the PtL 3 and RuK edges, have been used by Scott et al. [171] on three different 
carbon-supported PtRu electrocatalysts in an electrochemical cell in 1 M HCIO4 
with 0.3 M methanol. The CO and OH adsorbate coverage on Pt and Ru were 
determined as a function of the applied potential via the novel delta XANES 
technique, and the particle morphology was determined from EXAFS and a 
modeling technique. Both the bifunctional and direct CO oxidation mechanisms, 
the latter enhanced by electronic ligand effects, were evident for all three 
electrocatalysts; however, the dominant mechanism depended critically on the 
particle size and morphology. Both the Ru island size and overall cluster size had a 
very large effect on the CO oxidation mechanism and activation of water, with the 
bifunctional mechanism dominating for more monodispersed Ru islands, and the 
direct surface ligand effect dominating in the presence of larger Ru islands. 



CO-tolerant Catalysts 777 


Stamenkovic et al. [172] reviewed the research of in situ CO oxidation on well 
characterized Pt 3 Sn(hkl) surfaces. Bimetallic single crystals Pt 3 Sn(110) and 
Pt 3 Sn(lll) have been characterized for in situ CO oxidation. Following UHV 
characterization, crystals were transferred into the electrochemical environment 
where surface electrochemistiy of adsorbed CO was studied in situ by infrared 
spectroscopy. Changes in band morphology and vibrational properties — splitting 
of the band and increase in the frequency mode — were found on Pt 3 Sn(hkl) and 
correlated to Pt(hkl) surfaces. Continuous oxidative removal of adsorbed CO starts 
as low as E < 0.1 V, which is an important property for CO-tolerant catalysts. In 
addition to electronic effects, other factors, such as surface structure and 
intermolecular repulsion between adsorbed species, are responsible for the high 
catalytic activity of Pt 3 Sn(hkl) alloys. 

Electrochemical nuclear magnetic resonance (EC-NMR) spectroscopy has 
emerged as one useful probe with which to investigate the surface electronic 
properties of catalyst nanoparticles [173, 174]. 13 C EC-NMR of adsorbed CO is 
particularly informative since it can be used to deduce both the electronic 
properties of the nanoparticle surfaces as well as the nature of CO bonding with the 
transition metal [116, 175-177]. This provides a powerful method to correlate the 
surface electronic alterations with catalytic activity variations and yields a firm 
basis for rational synthesis of bimetallic nanoparticle catalysts with improved 
activities in fuel cells. NMR studies on Pt nanoparticles modified by spontaneous 
deposition of Ru have demonstrated changes in the metal-CO bonding that result 
from Ru modification. On CO-covered Pt/Ru nanoparticles, 13 C NMR spectra 
(Figure 16.5) show the presence of two broad peaks. Each of these spectra can be 
deconvoluted into two Gaussians, whose peak areas have the same ratio as Pt and 
Ru on the Pt/Ru surface, in excellent agreement with the CO-stripping data. Thus, 
EC-NMR discriminates between the two populations: Pt/Ru-CO and Pt-CO, as 
has previously been shown by using infrared methods [109, 119, 178]. On the other 
hand, the NMR spectrum of 13 CO adsorbed on Ru-black also shows only one peak, 
centered at a much lower chemical shift compared to the Pt/Ru samples. 

Unlike CO adsorbed onto supported Ru nanoparticles, CO adsorbed on Ru- 
black showed a large isotropic shift and a symmetric broadening of the NMR 
spectrum. In all these catalysts, the spin-lattice relaxation time (Tl) has followed 
the Korringa behavior characteristic of metallic systems [179]. Thus, CO adsorbed 
on Pt/Ru catalysts attains metallic properties due to the mixing of CO molecular 
orbitals with the conduction electron states of the transition metal. This observation 
strongly suggests that the electronic influence of Ru on surface Pt atoms is only a 
local effect, and Pt atoms situated away from Ru sites retain their original 
electronic band structure properties. 

Results of CO temperature programmed desorption (TPD) measurements on 
Ru-modified Pt single crystals have demonstrated a weaker Pt-CO bond than on 
pure Pt surfaces [107, 117, 180], again pointing toward a decreased availability of 
Pt d electrons for forming the Pt-CO bond [181]. The decreased availability of d 
electrons may be understood as a consequence of the lowering of the d band center, 
as described in the Norskov model [182]. Similar CO TPD results were obtained 
on the inverted Ru(0001)/Pt surface, on which the ligand effect and the strain effect 
were deconvoluted through elegant experiments with varied Pt deposit thicknesses 
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[183], The deconvolution of the two effects has also been accomplished through 
computational work [184, 185]. The effect of PtRu surface alloy formation on 
hydrogen adsorption/desorption and of CO co-adsoiption on hydrogen adsoiption 
on a bimetallic PtRu surface was investigated by TPD, using a PtRu surface alloy 
(40% Pt surface atoms) as an example [186]. 



Figure 16.5. 13C NMR spectra of adsorbed CO oil Pt and Pt/Ru catalysts [116]. (Reprinted 
with pennission from J Am Chem Soc 2002;124:468-73. Copyright 2002 American 
Chemical Society.) 

The concentration and distribution of the Pt surface atoms were determined by 
high-resolution scanning tunneling microscopy (STM), which provides further 
information for the mechanistic interpretation of the results and the underlying 
physical effects. 

Electrochemical impedance spectroscopy (EIS) technique has been used for the 
experimental assessment of CO tolerance on different Pt-alloy catalysts and at 
different temperatures [187]. Hsing et al. [187] proposed that the critical potential 
at which pseudo-inductive behavior occurs could be used as a criterion for the 
evaluation of CO tolerance. A mathematical impedance model based on two state- 
variables (Pt-H and Pt-CO) was also developed to elucidate the reaction kinetics 
and mechanism of the H 2 /CO oxidation on a Pt/C catalyst [188]. In fact, this study 
has given better insight into explicitly understanding the impedance patterns and 
the quantitative assessment of the effect of applied potentials upon the oxidation 
reaction kinetics in a broad range of applied potentials. Nevertheless, with the 
consideration of only two adsorbed species, Pt-H and Pt-CO, the impedance model 
based on two state-variables was not able to explain the experimental observation 
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of reversing impedance patterns in the II and III quadrants at high potentials. The 
model with two state-variables assumes that the water molecules are responsible 
for the electrooxidation of CO species. However, this is not the case in the high 
potential region, where the possibility of the dissociation of water molecules is 
more pronounced and consequently, OH species can be generated. The neglect of 
this aspect in the two state-variables model is the probable reason for its inability to 
explain the reversed impedance pattern. An impedance model based on three state- 
variables (Pt-CO, Pt-H, and Pt-OH) has been proposed by Wang and Hsing [189] 
for the kinetics investigation of H 2 /CO electrooxidation on Pt/C and its alloys 
(PtRu/C and PtSn/C). The simulation results of Pt/C in a high potential range 
exhibit unusual reversal behavior of the impedance pattern in the II and III 
quadrants. This behavior reveals the change of the rate determining step from CO 
oxidation to CO adsorption. The experimental impedance results of the alloy 
PtRu/C are in agreement with the simulation studies, and suggest that the enhanced 
CO oxidation observed on the alloy can be well explained by the promoted OH^ 
generation on the Ru surface at low potential. Meanwhile, a different reaction 
mechanism has been elucidated for the PtSn/C. It has been concluded that the 
promoted OH generation is the primary reason for enhanced activity towards CO 
oxidation on the PtRu/C. The high activity of the PtSn/C system towards H 2 /CO 
oxidation is due to the combination of the promoted OH generation, exclusion of 
CO on Sn sites, and minimization of CO adsoiption caused by the intermetallic 
bonding. 

Based on CO thermal desorption data obtained on PtRu surface alloy model 
surfaces, Buatier de Mongeot et al. [135] also suggested that the improved CO 
tolerance is at least partly caused by a significant reduction in CO adsorption 
energy on these PtRu catalysts compared to CO adsorption on platinum. Similar 
results and conclusions were reached in recent density functional theory 
calculations [27], which showed a significant reduction in the CO adsoiption 
energy on both Ru(0 0 0 1) surfaces covered by a pseudomorphic Pt monolayer and 
substitutional Pt surface atoms in a Ru(0 0 0 1) substrate, as compared to CO 
adsorption on Pt(l 1 1) [27, 135, 189, 190] or comparable cluster geometries [191]. 
CO adsoiption and CO removal, however, are only part of the reactions going on in 
a reformate-operated PEMFC. The current determining step is the electrooxidation 
of hydrogen (hydrogen oxidation reaction - HOR), which for most platinum metal 
and platinum alloy electrodes is largely determined by the respective steady-state 
hydrogen coverage. Two important questions to be answered are therefore (i) how 
much are hydrogen adsorption and the H a( j steady state coverage under reaction 
conditions affected by the presence of co-adsorbed CO, and (ii) what is the 
influence of PtRu alloy formation on hydrogen adsorption and H/CO co¬ 
adsorption? Quantitative data on the influence of the CO coverage on the HOR rate 
are scarce [99, 192-194]. Recently, Jusys et al. reported a nonlinear relation 
between CO coverage and HOR rate, with smaller effects in the low CO coverage 
regime for the HOR on carbon-supported Pt catalysts [195]. For PtRu no such data 
exist. Electrocatalytic measurements showed no measurable effect of PtRu alloy 
formation on the HOR activity; this was tentatively attributed to the very high 
activity of the remaining, accessible Pt surface atoms, which are sufficiently active 
that possible differences in the activity are masked by transport limitations [111]. 
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Likewise, little is known about the energetics and kinetics of hydrogen adsorption 
on bimetallic PtRu surfaces at the solid-vacuum interface, or about the influence of 
co-adsorbed CO on these properties. Diemant et al. [185] have shown that 
hydrogen (deuterium) adsorption on a bimetallic PtRu layer, which is 
pseudomorphic on a Ru(0 0 0 1) substrate, is considerably weaker than on an 
unmodified Pt(l 1 1) or Ru(0 0 0 1) surface. Following the d band model 
introduced by Norskov and coworkers, this reduction in metal-H bond strength is 
attributed to a strain-induced modification of the electronic properties of Pt-rich 
adsorption ensembles. Co-adsorption of CO leads to a further weakening of 
hydrogen adsorption. This is explained by a CO-induced displacement of the 
adsorbed hydrogen from strongly binding Ru-rich ensembles to less strongly 
binding Pt-rich ensembles. Even a 100 K adsorption temperature post exposure to 
CO causes a partial displacement of adsorbed hydrogen. At elevated temperatures 
and pressures, as are present in a fuel cell, these effects will result in a severe 
reduction of the steady-state hydrogen coverage. Further improvement of the CO 
tolerance of PEMFC anode catalysts by the use of platinum alloys will be limited 
by the reduction in hydrogen electrooxidation activity due to a reduction in the 
steady-state hydrogen coverage, which is caused by the same electronic effects 
responsible for the reduction of the steady state CO ai j coverage. 

Quantum chemical calculations offer the opportunity to probe details of 
catalytic chemistiy that are difficult to obtain from experiments, and they should be 
employed not only for understanding the mechanism in detail, but also at the 
screening level of catalyst design. Shubina and Koper [ 184] described the results of 
quantum chemical calculations of CO and OFI interacting with a variety of 
bimetallic surfaces, in order to assess from the computational viewpoint the 
molecular nature of the bifimctional mechanism and the electronic effects 
involved. They considered in some detail the results of density-functional 
calculations of CO and OFI adsorption on PtRu, PtMo, PtSn, and a number of Pt- 
modified transition metals such as Rh and Ir. The advantage of using quantum- 
chemical calculations is that they give direct information on the binding energetics 
of the different species, which are relatively difficult to extract from 
electrochemical measurements. Moreover, calculations permit one to establish the 
quantum chemical nature of the surface bond and the different factors involved, 
and how these might be related to measurable properties of chemisorbates such as 
their vibrational characteristics. In this way, quantum-chemical calculations 
provide invaluable information to complement and correctly interpret experimental 
data, even if the calculated systems considered may appear rather idealized 
compared with the experimental catalysts. Concerning the PtRu alloy, they found 
that mixing of Pt with Ru weakens the binding of both CO and OFI to the Pt 
surface sites. By contrast, the CO and OFI binding gets stronger as Pt is mixed in. 
The surface with the weakest CO binding energy in their calculation is Pt M L- 
Ru(0001). Interestingly, a similar surface was recently found to have good CO 
tolerant properties [109]. Also, there is no apparent correlation between the binding 
energy of CO and the internal C-0 and Me-C stretching frequency on the different 
PtRu surfaces. According to the calculations, the PtMo and PtSn systems seem to 
be better CO oxidation catalysts than PtRu. On PtMo, CO does not have a strong 
preference for either site, whereas OFI has a clear preference for Mo. On PtSn, CO 
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interacts only with Pt, and OH (or oxygen) interacts preferentially with Sn. If CO 
tolerance is related to good hydrogen oxidation properties, a low CO coverage may 
be sufficient. For such systems, Pt overlayer systems seem quite promising The CO 
binding energy of these systems is primarily determined by Pt-Pt distance in the 
overlayer. Contracted overlayers lead to low CO bonding energies, expanded 
overlayers to high CO bonding energies. 

The adsorption properties of CO on Pt 3 Sn were investigated by Grilmen et al. 
[196] using quantum mechanical calculations. The (111), (110), and (001) surfaces 
of Pt 3 Sn were generated with all possible bulk terminations, and on these 
terminations all types of active sites were determined. The adsoiption energies and 
the geometries of the CO molecule at those sites were found. Those results were 
compared with the results obtained from the adsorption of CO on similar sites of 
Pt(lll), Pt(110) and Pt(001) surfaces. The comparison reveals that adsorption of 
CO is stronger on Pt surfaces; this may be the reason why catalysts with Pt 3 Sn 
phase do not suffer from CO poisoning in experimental works. With the aim of 
understanding in detail the interactions between CO and the metal adsorption sites, 
the local density of states (LDOS) profiles were produced for atop-Pt adsorption, 
for both the carbon end of CO for its adsorbed and free states, and the Pt atom of 
the binding site. The study showed that: (i) inclusion of a Sn atom at the adsorption 
site structure causes a dramatic decrease in stability, which limits the number of 
possible CO adsorption sites on the Pt surface, (ii) the presence of Sn causes angles 
different from 180° for M-C-O orientation, (iii) the presence of Sn in the 
neighborhood of Pt on which CO is adsorbed causes superposition of the 5 cj/1ji 
derived-state peaks at the carbon end of CO and changes in the adsorption energy 
of CO, (iv) Sn present beneath the adsorption site strengthens the CO adsorption, 
whereas neighboring Sn on the surface weakens it for all Pt 3 Sn surfaces tested, and 
(v) the most stable site for CO adsorption is the atop-Pt site of the mixed atom 
termination of Pt 3 Sn(l 10). 


16.3 Development of CO-tolerant Catalysts 

Because the use of CO-tolerant electrocatalysts would be more efficient and cause 
fewer associated problems, it is generally considered the most promising way for 
solving the CO poisoning problem in PEMFCs. It is well established that binary 
systems of CO-tolerant electrocatalysts, with Pt as one of the components, can 
exhibit a substantial resistance to the presence of CO in the fuel stream. It has been 
found that the use of a second element with Pt, such as Ru, Sn, Ge, Co, Cr, Fe, Ni, 
Pd, Os, Mo, Mn, etc., in the form of an alloy or a co-deposit yields significant 
improvement in the CO-tolerance relative to pure Pt [20, 21, 34, 35, 67, 89, 110, 
111, 197-208]. Among these various Pt-based binary systems, PtRu/C is still 
regarded as the most efficient anode electrocatalyst for both reformate and 
methanol fuel, due to its electronic or bifunctional effects in reducing CO 
poisoning [209-211]. Superior CO-tolerance has been evidenced for alloyed PtRu 
materials [13, 14, 102, 212, 213] or Ru-decorated Pt electrocatalysts [112, 164, 
165, 214-222]. Therefore, the development of CO-tolerant electrocatalysts is still 
concentrated on Pt or PtRu-based bimetallic catalyst systems. Some reported work 
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and critical reviews on this topic have been published recently by Ralph [43, 68, 
69] and Urian et al. [70]. 

Ternary catalyst systems, typically based on a PtRu alloy, have also been 
investigated and their performance has been compared with that of pure Pt/C or 
PtRu/C [129, 223-227]. Specifically, PtRu alloys with Ni, Pd, Co, Rh, Ir, Mn, Cr, 
W, Zr, and Nb have been investigated. Nevertheless, there remain associated 
problems with the preparation method and the enhancement of electrochemical 
performance. 

Many papers in recent years have presented details of new preparation methods 
and the performance of Pt-based electrocatalysts such as PtSn/C, PtMo/C, 
PtRuMo/C, PtRu-HxMoCVC, and PtRu/(carbon nanotubes). In addition, efforts to 
develop Pt-free electrocatalysts such as PdAu/C have been undertaken. 

Watanabe et al. [226] recently classified the Pt alloys studied into 3 groups with 
respect to their CO tolerance. The first group of alloys exhibits excellent stability 
for H 2 oxidation in the presence of 100 ppm CO, the second exhibits stability for 1 
h and the third exhibits no CO tolerance, i.e., they are comparable to pure Pt. The 
first contains PtFe alloys such as Pt 95 Fe 5 , Pt g5 Fei 5 , Pt 56 Fe 44 , and Pt 40 Fe 60 , PtNi 
alloys such as Pt 76 Ni 24 and Pt 56 Ni 44 , PtCo alloys such as Pt g2 Coi g and Pt 57 Co 4 3 , 
PtMo alloys such as Pt 67 Mo 33 and Pt 55 Mo 4 5 , and the conventional PtRu alloys such 
as Pt 93 Ru 7 , Pt 57 Rii 43 , Pt 50 Ru 5 o, and Pt 35 Ru 6 5 , where the numbers after an element 
symbol are the concentration of the element expressed in atom%. The second 
group includes PtMn alloys such as Pt g0 Mn 20 and Pt 4g Mn 52 , PtSn alloys such as 
Pt 78 Sn 22 and Pt 79 Sn 5 i, PtAg alloys such as Pt g7 Agi 3 and Pt 54 Ag 46 , and PtZn alloys 
such as Pt 70 Zn 3 o and Pt 52 Zn 4 i 6 The third group contains Pt g0 Cr 20 , Pt 52 Cr 4g , Pt 85 Cui 5 , 
Pt 70 Ge 3 o, Pt 40 Ge 6 o, Pt 9 oNbio, Pt 55 Nb 4 5 , Pt 6 sPd 35 , Pt(,f,In 3 4 , Pt 7 gSb 24 , Pt 4g Sbs 2 , Pt g oW 2 o, 
Pt 5 oW 5 o, Pt g[ Au 19 . Pt 57 Au 4 3 , Pt 64 Pb 33 , and PtgsB^. 

Figure 16.6 shows examples of saturated CO coverage on Pt and the alloys 
after H 2 oxidation for a prolonged period in the presence of 100 ppm CO. The CO 
coverage (# c0 ) on all of the CO-tolerant alloys is suppressed to values less than 
0.6, while the other groups of alloys and pure Pt are almost completely covered 
with CO [228], In the case of PtFe alloys, for example, the addition of only 5% Fe 
to Pt reduces the saturated 9 co to less than 0.3, resulting in the same activity level 
as those of other compositions or combinations. 

It should be noted that the non-noble alloying metal has to be stable in the 
severe environment of the catalyst layer, where a major component is a strong 
perfluorosulfonic acidic. Fuel cell operation may produce changes in the catalyst 
crystallinity, particle surface composition, and the oxidation state of M, which 
consequently may decrease the CO tolerance [229]. Ishikawa et al. [230], by using 
relativistic density-functional calculations, found that the alloying metals should be 
those that possess low-activation energies for H 2 0 dissociation and for the CO a( j s + 
OH ads —> COOH ads reaction. Once COOH ads is formed, it rapidly forms C0 2>ads 
(+H ads ) because of its decomposition. Based on energetic predictions emphasizing 
water activation, it was predicted that the most suitable alloying metals for the CO 
electrooxidation are Mo, W, and Os, with Ru close behind. Among the several 
possibilities of binary alloys, PtRu has shown the most promising performance for 
the hydrogen oxidation reaction in the presence of CO [67, 111], However, the low 
natural abundance of Ru is a drawback of this catalyst for practical uses, and for 
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this reason alternative approaches have been sought, some of them with recent 
promising results [43, 169], that will be reviewed here. 
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Figure 16.6. Equilibrium coverage of CO oil the alloy electrodes in 0.1 M HC10 4 saturated 
with 100 ppm balance gas. Alloy compositions are shown on the left-hand side. Potential for 
CO adsorption: 50 mV vs. RHE, rotation rate of electrodes during the CO adsorption: 1500 
rpm [169], (Igarashi H, Fujino T, Zhu Y, Uchida H, Watanabe M. CO tolerance of Pt alloy 
electrocatalysts for polymer electrolyte fuel cells and the detoxification mechanism. Phys 
Chem Chem Phys. 2001;3:306-14. Reproduced by permission of The Royal Society of 
Chemistry.) 


16.3.1 PtRu Binary System 

16.3.1.1 PtRu Catalysts 

The most commonly used anode electrocatalyst in PEMFCs is the platinum- 
ruthenium binary catalyst (PtRu). Based on early work by Watanabe and Motoo 
[89] (on methanol electrooxidation), a bifunctional mechanism involving water 
activation by Ru (Equation 16.11) and subsequent CO electrooxidation on a 
neighboring Pt atom (Equation 16.12) has been postulated by a number of groups 
[20, 102, 103, 110-112]. In fact, this system evidently enhances CO tolerance and 
decreases the CO binding energy on platinum due to its electronic or bimetallic 
effects. It has been proposed that the addition of ruthenium to platinum can 
improve CO tolerance through either a ligand effect [157] or through a bifunctional 
mechanism [133], and possibly a combination of the two. 

It is well documented [102, 103, 118, 231-233] that in the PEMFC at 80 °C 
PtRu alloys are much more tolerant to CO poisoning than pure Pt electrocatalysts. 
This has made them the electrocatalysts of choice for reformate operation. For 
example, Figure 16.7 shows the large improvement in CO tolerance for an MEA 
with an anode based on a Pt 50 Ru 5 0 alloy electrocatalyst prepared as 20 wt% Pt, 10 
wt% Ru supported on Vulcan XC72R. The cell potentials are significantly higher 
at all current densities compared with the MEA based on pure Pt, for operation 
with hydrogen containing 10, 40, and 100 ppm CO. This improved CO tolerance 
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has resulted in much effort to optimize the PtRu electrocatalyst for reformate 
operation. 



Figure 16.7. Progressive poisoning from 10, 40, and 100 ppm CO on pure Pt and P+ 0 RU 50 
alloy anodes. Increased CO tolerance is shown by the Pt 50 Rii 5 o alloy anodes. The anodes are 
prepared from 20 wt% Pt on Vulcan XC72R or 20 wt% Pt, 10 wt% Ru on Vulcan XC72R at 
a loading of 0.25 mg Pt cm 2 . The cathode uses 40 wt% Pt/Vulcan XC72R at a loading of 
0.6 mg Pt cm 2 . The MEAs are based on catalyzed substrates bonded to Nation NE-115 
membrane. The Ballard Mark 5E single cell is operated at 80 °C, 308/308 kPa, 1.3/2 
stoichiometry with full internal membrane humidification [43], (Reprinted from Ralph TR, 
Hogarth MP. Catalysis for low temperature fuel cells, part II: the anode challenges, Plat Met 
Rev 2002;46(3): 117-35. With permission from Platinum Metals Review.) 

16.3.1.2 Effect of PtRu Composition 

The HOR performance of PtRu alloys in the presence of CO has been studied 
extensively [20, 209] and it has been shown that the HOR overpotential for CO- 
containing hydrogen decreases as the ruthenium content increases, reaching a 
minimum around the 1:1 (atomic ratio) composition. 

Using a 20 wt% Pt, 10 wt% Ru/Vulcan XC72R electrocatalyst, the effect of 
alloy formulation on CO tolerance was examined by Johnson Matthey [43], both as 
fully alloyed and as completely unalloyed materials, with a nominal composition of 
Pt 50 Ru 5 o. The unalloyed Pt 50 Ru 50 was prepared by depositing Ru onto a pre¬ 
reduced Pt electrocatalyst. XRD confirmed that there was no alloying from the Pt 
lattice spacing of 0.392 nm, which is equivalent to pure Pt. In addition, there was 
no significant crystalline Ru, suggesting the Ru was present as amorphous Ru 
oxide. The peak potential for CO electrooxidation (Equation 16.10) at the 
unalloyed Pt 5 oRu 5 o occurred at +0.44 V (vs. RHE), close to the +0.37 (vs. RHE) for 
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the PtjoRuso alloy and much lower than the +0.58 V (vs. RHE) for the pure Pt 
electrocatalyst. With hydrogen containing 100 ppm CO as reactant the specific 
activity for hydrogen electrooxidation was measured. At +0.010 V (vs. RHE) the 
specific activity increased from 8 mA cnf 2 Pt for pure Pt to 25 mA cnT 2 PtRu for 
the unalloyed Pt 5 oRu 5 o and to 60 mA cm" PtRu for the Pt 50 Ru 50 alloy. This 
suggests that the alloying process, which incorporates the Ru into the Pt lattice 
(and reduces the Pt lattice spacing), is important for improving the CO tolerance. 
Besides enhancing the intimate contact between the Pt and the Ru, extended X-ray 
absorption fine structure (EXAFS) analysis has shown that alloying removes 
electron density from the Pt [29]. Both these effects are capable of promoting a 
lower CO coverage on Pt and increasing the hydrogen electrooxidation activity of 
the anode. 

A possible consequence of these findings is that low Ru contents might not 
show such high CO tolerance in the PEMFC. The Ru content in a fully alloyed 20 
wt% Pt, Ru/Vulcan XC72R electrocatalyst was lowered from Pt 5 oRu 5 o to the mined 
ratio of Pt 7 oRu 3 o, and then examined in the PEMFC. The XRD lattice spacing of 
0.390 nm confirmed a Pt 70 Ru 3 o alloy was formed. For hydrogen containing 10, 40, 
and 100 ppm CO, MEAs prepared with Pt 70 Ru 30 matched the performances in 
Figure 16.7 for the Pt 5 oRu 5 o electrocatalyst at an identical anode loading of 0.25 mg 
Pt cm". This confirmed that at an atomic ratio of Pt 70 Ru 30 there is sufficient Ru 
incorporated into the Pt lattice to adequately modify the CO tolerance of Pt. These 
findings were in agreement with the fundamental kinetic work of Gasteiger et al. 
[110], who used 1000 ppm CO in hydrogen and bulk, planar Pt 50 Ru 5 o and Pt 90 Ruio 
alloys. The findings also agree with the more applied results in the PEMFC of 
Iwase and Kawatsu [103] for alloys of composition Pt 85 Rui 5 to Pti 5 Ru 85 , all based 
on 20 wt% Pt, 10 wt% Ru/Vulcan XC72R electrocatalysts. They found that the CO 
tolerance was significantly lower only at Ru contents below Pt 8 oRu 2 o or above 
Pt 2 oRu 80 . However, there have also been a few reports of lower CO tolerance at 
lower Ru levels, including Pt 70 Ru 30 [102]. This highlights the importance of the 
manufacturing route for the degree of PtRu alloying and for the nature of the 
electrocatalyst surface. This variability probably accounts for the significant spread 
in CO tolerances reported for PtRu anode electrocatalysts [234]. 

Stevens et al. [235] prepared Pti_ x Ru x random alloy samples via dc magnetron 
sputtering. The alloys were deposited through shadow masks onto 3M 
nanostructured thin-film catalyst support for testing in a 64-electrode PEMFC. 
Electron microprobe data confirmed that linear composition gradients covering 
almost the whole binary range were prepared. The phases present were examined 
with XRD. All samples were found to have the Pt fee structure at high Pt content. 
At high Ru content, only hexagonal close-packed (HCP) Ru was seen. Electron 
microprobe measurements on catalyst electrodes after fuel cell testing showed that 
the Ru-based alloys were stable to corrosion. Alloying Pt with intermediate levels 
of Ru led to lower CO-stripping onset potentials, implying improved CO tolerance. 
Hydrogen oxidation polarization curves were measured for the alloy gradients to 
determine overpotentials as a function of composition, with a reformate fuel 
containing up to 50 ppm CO. The Pti_ x Ru x composition spreads all showed lower 
overpotentials at intermediate M content with 50 ppm CO (approximate as- 
sputtered ranges: Ru: 0.2 < x < 0.9), implying that these binary catalysts would be 
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more CO-tolerant than Pt alone. An overpotential of approximately 200 mV was 
required for the Ru-containing samples before the surface became clean enough to 
support high current densities, consistent with the CO-stripping voltammetry 
results. 

16.3.1.3 Effect of PtRu Particle Size 

The optimum particle size for methanol oxidation has been the subject of several 
investigations and the values vary with the preparation procedure, the conditions of 
the reaction, and the metals present in the catalyst. It has been found that the 
optimum specific activity for Pt was achieved with particle sizes of 3 nm [236]. 
Other reports [239, 240] conclude that the specific activity declines below 4.5 nm. 
Particles below 5.0 nm have enough coordination sites to produce strong Pt-OH 
bonds, leading to high coverage with this species. Mukerjee and McBreen have 
studied the role of the geometric parameters and the changes in the electronic 
structure due to specific adsorbates, such as hydrogen and oxygenated species (OH 
and CO), on methanol oxidation [239]. They found by X-ray absorption 
spectroscopy that, for particle sizes of carbon-supported Pt clusters below 5.0 nm, 
there is a strong adsoiption of H, OH, and C1-compounds such as CO. On these 
small particles, H adsoiption is strong enough to induce restructuring and 
morphological changes in Pt clusters at negative potentials. Moreover, the strong 
adsorption of OH for potentials more positive than 0.8 V inhibits the reduction of 
oxygen, and the combined effect of strongly adsorbed CO and OH impedes the 
oxidation of methanol. 

16.3.1.4 Stability of PtRu Catalysts and the Impact on Oxygen Reduction Reaction 
Activity 

Fuel cell operation may produce changes in the catalyst crystallinity, particle 
surface composition, and the oxidation state of M, which consequently may 
decrease the CO tolerance [229]. Knights et al. [240] investigated several of the 
key mechanisms attributed to fuel cell power loss over extended periods of time 
and provided an overview of those operating conditions that influence durability. 
The authors claimed that by enhancing the water retention at the anode side in 
combination with advanced electrocatalyst designs, the degradation of PtRu via the 
dissolution of noble metals could be avoided. However, most PtRu materials were 
found to be prone to preferential leaching of Ru, especially in the presence of 
methanol [241-243], thereby entailing undesired changes in the composition and, 
consequently, in the activity of the electrocatalyst [243]. Earlier reports have 
proposed that the onset potential of Ru oxidation can be somewhere between 0.2 
and 0.4 V vs. RHE [12, 289, 217, 243]. It was observed [244] that a large amount 
of Ru leaves by the dissolution of the thermodynamically instable (oxide) phases, 
which can largely be removed by washing. At the same time, the PtRu alloy matrix 
seems less prone to leach Ru. Focusing on the mechanism behind Pt and Ru 
corrosion, Chen et al. [242] demonstrated through potential cycling of the anode in 
a DMFC that dissolution of the anode electrocatalyst contributes to a lower 
catalytic activity for methanol electrooxidation. A study by Piela et al. [245] 
showed that the impact of Ru dissolution on fuel cell performance is complicated 
by Ru crossover from the anode to the cathode side. Because the mobility and 
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transport of metal ions in PEMs are well documented [246-248], it is reasonable to 
evaluate the indirect effects of Ru corrosion and mobility in terms of overall 
PEMFC performance, especially because the concentration of the leached Ru is 
expected to exceed trace levels [243, 245]. Ruthenium crossover in DMFCs was 
recently discovered by the Los Alamos Group [245]. In their pioneering work, X- 
ray fluorescence and CO-stripping data evidenced the transport of Ru across the 
PEM and its deposition on the Pt cathode, respectively, under various DMFC 
operating conditions. Such a series of events with Ru was also confirmed in single¬ 
cell experiments [243], in which the DMFC was operated in the mass transport- 
limited region under massive methanol crossover. Interestingly, no accumulation 
of Ru in the Nation membrane could be detected by energy dispersive X-ray 
spectroscopy (EDX). Rather, dissolved Ru species were assumed to travel across 
the PEM and fill the drained voids in the cathode electrocatalyst layer. In those 
pores, Ru n+ concentration is predicted to reach the several moles per liter level 
[249]. Ru contamination can impair oxygen reduction activity more severely, as 
was evidenced by the corresponding rotating disk electrode study. Unlike the 
observed progressive decrease in surface oxide coverage on Pt with increasing 
Ru" 1 contamination, oxygen reduction seems to occur at a minimum activity level 
beyond a certain Ru coverage on Pt. Such a lower limit of ORR activity beyond a 
threshold Ru 111 concentration was attributed to the ability of Ru adatoms to reduce 
molecular oxygen at sufficiently high overpotential [250, 251]. 

Ru leaching from PtRu fuel cell anode electrocatalysts can have a dramatic 
impact on the activity of a Pt/C oxygen-reducing cathode. Even from highly 
diluted Ru-containing electrolytes (micromolar concentration range), Ru deposits 
instantly onto Pt and remains stable on its surface in the electrode potential 
window of the ORR. Rotating disk electrode data [244] showed that the rate of 
oxygen reduction can decrease by a factor of eight, which can translate to a —160 
mV overpotential penalization in galvanostatic conditions. Polarization curves 
recorded for fuel cells with clean and Ru-contaminated Pt cathodes suggest that Ru 
contamination plays a crucial role in the unrecoverable performance degradation of 
PEMFCs. Because a typically ten-times larger Pt loading in fuel cell cathodes is 
not expected to compensate for the suspected several orders of magnitude higher 
Ru 11 ' concentration in the voids of the cathode electrode layer [245], those data 
stress that Ru contamination can indeed play a major role in the performance 
degradation of PEMFCs and especially of DMFCs. Unless highly stable PtRu 
anode electrocatalysts are developed, the problem of Ru crossover and 
contamination at the cathode should be addressed by either novel tiiel cell designs 
such as laminar-flow fuel cells [252, 253], in which crossover is reduced using less 
Ru-permeable membranes, or by more Ru-tolerant ORR electrocatalysts in 
PEMFCs. 

16.3.2 PtMo Binary System 

Under reformate-feed conditions, carbon-supported PtRu alloys are widely used as 
reasonably reformate-tolerant anode catalysts [254—257]. However, the CO 
tolerance of PtRu is still unsatisfactory for the higher CO concentrations expected 
at system start-up or during changes in load. Moreover, the limited availability of 
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Ru may become a significant problem before stationary PEMFC systems can be 
placed on the market. Many Pt-based catalysts have thus been proposed as 
alternatives to PtRu. Based on the “bifunctional mechanism” in CO removal, 
along with anodic hydrogen oxidation, the search for oxophilic components [198] 
has been the main trend in the development of alternative CO-tolerant 
electrocatalysts for the PEMFC. Those with the most successful and cost-effective 
combinations so far have been Pt 3 Mo and Pt 4 Mo [21-23, 258]. Recent theoretical 
and experimental studies suggest that Pt-Mo combinations could be not only much 
cheaper, but even more efficient catalysts for CO oxidation than PtRu [21-23, 230, 
258]. Bimetallic PtMo alloy catalysts have thus attracted considerable attention for 
their high catalytic activity in FI 2 oxidation with CO/FF> feed [22, 23, 70, 126, 127, 
204, 225, 259-263]. Such enhanced performance in contrast with PtRu was 
ascribed to (1) the lack of adsoiption of CO on Mo, leaving more adsorption sites 
for oxygen-containing species that are acting as CO oxidation reagents within the 
frame of such a bifunctional mechanism, or (2) changes in Pt-Pt atomic distance, 
which modifies the Pt-CO adsoiption energy [230]. 

Grgur et al. [22, 23] reported the electrochemical oxidation of H 2 , CO, and 
CO/FF on well-characterized Pt 70 Mo 3 0 bulk alloy or carbon-supported PtMo (3:1 or 
4:1) catalysts in sulfuric acid solution. Their work suggested a similar bifunctional 
mechanism with Ru in the role of Mo in PtMo alloy: an increase in free Pt sites by 
the oxidative removal of adsorbed CO. Mukerjee et al. [70, 127, 204] showed two- 
to three-fold enhancement of the CO tolerance of PtMo in a PEM fuel cell 
compared to that of PtRu, which was ascribed to the onset of CO oxidation at very 
low potentials (-100 mV). The PtMo (atomic ratio = 5:1) electrocatalyst also 
displays a lower variation in overpotential losses than the PtRu counterpart [126, 
204, 263]. Recently, the high CO tolerance of PtMo catalysts has also been 
reported by Santiago et al. [262, 263], The catalytic activity of Mo/C for the water- 
gas shift (WGS) reaction was observed using a fixed-bed catalytic reactor, and they 
concluded that the CO tolerance of PtMo is due to lowering of the CO 
concentration in the gas channel inside the electrode through the chemical reaction 
catalyzed by Mo-species. With regard to the PtMo alloy, Mo atoms have been 
reported to have oxygen-containing ligands even at FF potentials, which were 
responsible for the excellent CO tolerance [23, 260]. This notion was supported by 
the results for Mo K-edge XANES spectra, which showed that Mo was present as 
hydrated oxides with a valence state of +IV at 0 V [260]. 

A Pt 75 Mo 25 alloy was prepared [43] as 20 wt% Pt, 3 wt% Mo by sequentially 
depositing Pt oxide and Mo oxide followed by thermal reduction at high 
temperature. Flalf-cell measurements in FFSO 4 at 80 °C using Nafion-containing 
electrodes were performed to determine the specific activity for hydrogen 
electrooxidation in the presence of 100 ppm CO. It was shown that for the Pt 3 Mo 
alloy electrode with pure CO, there is considerable specific activity for CO 
electrooxidation starting from anode potentials of +0.05 V (vs. RHE). Mass 
spectrometiy of the exhaust gas confirmed that the electrooxidation current was 
due to product C0 2 formation. This indicated that at anode potentials below +0.2 V 
(vs. RHE) (needed for efficient PEMFC operation), the CO tolerance of the PtMo 
electrocatalyst comes from promoting CO electrooxidation (Equation 16.10). The 
low electrode potentials required for CO electrooxidation were also evident in the 
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cyclic voltammograms. For the Pt 3 Mo alloy electrode a broad oxidation current 
starting at +0.15 V (vs. RHE) is complicated by Mo surface redox reactions [264]. 
These results are in direct contrast to those from both the pure Pt and the PtRu 
alloy electrodes. There is no detectable specific activity for CO electrooxidation 
below +0.2 V (vs. RHE) and no product C0 2 was detected in the half-cell exhaust 
gas. There was no electrooxidation activity measured at these low electrode 
potentials for either the PtRu alloy or the pure Pt electrodes in the cyclic 
voltammograms. Greatly improved CO tolerance for hydrogen containing from 40 
to 100 ppm CO has been confirmed using MEAs containing Pt 50 Mo 5 0 catalysts 
[43]. Pt 67 Mo 33 alloy showed almost the same polarization properties for H 2 
oxidation in the presence and absence of 100 ppm CO, while H 2 was hardly 
observed on pure Pt after 2 h CO adsoiption [169]. CO poisoning of H 2 oxidation 
was not observed on this PtMo alloy at all. However, as the CO concentration is 
reduced, the benefit due to the Pt 75 Mo 25 alloy electrocatalyst is also reduced, until 
at 10 ppm CO the PtRu alloy electrocatalyst is the more CO-tolerant. The 
difference in reaction order for the Pt 75 Mo 25 and the PtRu alloys is perhaps 
indicative of the distinct mechanisms of CO-tolerance operating at the 
electrocatalysts. 

A much larger issue than the MEA performance at low ppm levels of CO was 
found for the Pt 75 Mo 25 alloy. When operating on hydrogen with 25% C0 2 , the 
Pt 75 Mo 25 alloy showed poor C0 2 tolerance [43]. Poor C0 2 tolerance of the PtMo 
system reflects an increased ability of the electrocatalyst to promote the 
electroreduction of C0 2 (Equation 16.9). This produces much higher coverage of 
the “Pt-CO” poison. The source of the CO tolerance shown by the PtMo 
electrocatalyst, namely its ability to electrooxidize CO (Equation 16.10) also 
results in an ability to catalyze the reverse electroreduction reaction (Equation 
16.9). PtMo alloy catalysts have been reported to be more susceptible to poisoning 
by C0 2 compared to PtRu [70, 127, 260, 265]. A performance evaluation on 
CO(100 ppm)/H 2 and C0 2 (25%)/H 2 showed that the voltage loss with PtMo (7:1) 
catalyst caused by 25% C0 2 is much greater than that with PtRu, while PtMo 
shows better performance than PtRu on CO(100 ppm)/H 2 [260]. Systematic 
evaluation of the C0 2 tolerance of PtMo with various atomic ratios showed that 
variation of the PtMo atomic composition affects the tolerance to C0 2 , and a 
similar voltage loss on C0 2 /H 2 was observed for PtMo(l:l)/C and PtRu(l:l)/C 
[70]. Recently, Mukerjee et al. [127] reported no significant additional voltage loss 
for a PtMo(l:l) anode upon the addition of 21% C0 2 compared to the cell voltage 
on CO(100 ppm)/H 2 . These reports suggest that the C0 2 tolerance of PtMo alloy 
catalysts is highly influenced by the catalyst composition and/or the method of 
catalyst preparation. 

In 2007, Pti_ x Mo x binaiy composition spreads were deposited via dc magnetron 
sputtering through shadow masks onto 3M nanostructured thin-film catalyst 
support by Stevens et al. [235]. Electron microprobe data confirmed that linear 
composition gradients covering almost the whole binary range were prepared. The 
phases present were examined with XRD. All samples were found to have the Pt 
fee structure at high Pt content. The body-centered cubic (bcc) Mo phase was also 
formed for compositions containing greater than 35 atom% Mo, dominating at high 
Mo content. Electron microprobe measurements on catalyst electrodes after fuel 
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cell testing showed some loss of Mo in Pti_ x Mo x alloys containing > 40 atom% 
Mo. Hydrogen oxidation measurement results obtained from testing with CO-free 
reformate suggest that Pti_ x Mo x at high Mo levels may be binary alloys that are 
able to catalyze the RWGS reaction. RWGS CO poisons the platinum surface, 
requiring larger overpotentials for a given current density. CO-stripping 
voltammetry measurements indicated that alloying Pt with intermediate levels of 
Mo led to lower CO-stripping onset potentials, implying improved CO tolerance. 
The Pt!_ x Mo x composition spreads all showed lower overpotentials at intermediate 
M content with 50 ppm CO (approximate as-sputtered ranges: Mo: 0.4 < x < 0.7), 
implying that the binary catalysts would be more CO-tolerant than Pt alone. Mo 
gave lower overpotentials (for x in Pti_ x Mo x ~0.5 as-sputtered) than Ru and Sn, 
especially at low current densities. 

The relative magnitude of the electrooxidation of CO and the electroreduction 
of CO 2 will depend strongly on the concentrations of each reactant and on the 
PEMFC operating conditions. At present, for operation below 100 °C, the 
reformate streams usually contain much more C0 2 than CO. As a consequence, for 
full reformate operation with hydrogen containing both 25% C0 2 and 40 ppm CO, 
the PtRu alloy is much more tolerant than the Pt 75 Mo 2 5 alloy [43]. Thus, today, 
with typical reformate feeds that contain C0 2 , PtRu remains the electrocatalyst of 
choice for PEMFC operation below 100 °C. Based on those results, Ralph et al. 
[43] pointed out that the search for alternative electrocatalysts to provide improved 
CO tolerance by electrooxidizing CO at low anode potentials may be 
fundamentally flawed for current PEMFC stack operating conditions. They 
suggested that membrane purification [266] could be adopted to reduce C0 2 to 
ppm levels. Using membrane purification would allow PtMo to show a clear 
benefit over PtRu electrocatalysts at CO concentrations greater than 10 ppm. 

16.3.3 PtSn Binary System 

Evaluation of CO oxidation on PtSn electrocatalyst systems has been investigated 
in earlier work [26, 34, 267-274]. It was demonstrated that bimetallic PtSn 
catalysts with an oxide support display superior catalytic activity for CO oxidation 
[35, 275-278]. In 2000, Crabb et al. [267] applied a PtSn/C anode electrocatalyst, 
prepared by a surface organometallic chemistry method, in a PEMFC. Their 
preparation method involved a selective means of adding a second metal to the 
surface of another. This produced a controlled surface reaction between an 
organometallic species of the second metal (tetrabutyl- or tetraethyl-tin) with a pre¬ 
reduced monometallic platinum metal catalyst. The PtSn/C prepared by this 
method gave enhanced activity that resulted in a large decrease in the onset 
potential of CO oxidation compared with that for Pt/C. It was claimed that this 
enhancement was caused by the addition of Sn to the Pt/C-suppressed 
chemisorption of both the hydrogen and the carbon monoxide. Furthermore, in 
using this method, only a small amount of Sn was required to decrease the onset 
potential of CO oxidation. Analysis with TEM, EDX, and XPS provided evidence 
of a bimetallic effect, as the Pt and Sn appeared together on the support and the 
catalysts consisted mainly of metallic platinum in close association with tin oxide 
after exposure to air. 
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The Pt 3 Sn alloy has been found to be a more effective CO electrooxidation 
catalyst than pure Pt and thus more active for hydrogen oxidation in the presence 
of CO than pure Pt, with the activity strongly dependent on the surface orientation. 
The (111) face, in particular, is very active for CO electrooxidation [279]. In 
addition to electronic effects, other factors, such as surface structure and 
intermolecular repulsion between adsorbed species are responsible for the high 
catalytic activity of Pt 3 Sn(hkl) alloys. This enhanced CO tolerance has also been 
used to improve DMFC performance [280]. A Pt 3 Sn/C catalyst was synthesized by 
Lim et al. [281] via borohydride reduction and hydrothermal treatment for the 
anode electrode of a low-temperature fuel cell. In the TEM image, the PtSn 
nanoparticles were uniformly well-dispersed on the carbon support with an average 
particle size of around 2.4 nm. Good distribution of the Pt 3 Sn/C nanoparticles is 
known to be an important factor in catalytic activity. The oxidation of CO on the 
Pt 3 Sn/C catalyst occurred at a lower potential than that on the commercial 
catalysts. It appeared that Sn has the ability to promote the oxidation of adsorbed 
CO at low potentials. The removal of the CO adsorbed onto Pt proceeded via its 
reaction with OH adsorbed onto the Sn or Sn oxide sites formed by the dissociative 
adsorption of water. 

It has been shown that at low Sn contents, the Pt 3 Sn phase is easier to form, and 
an increase in the Sn content will prompt the main alloy structure to change to the 
PtSn phase. As for CO-stripping over the PtSn/C catalyst, it had already been 
indicated that oxidation of the CO adsorbed on Pt sites is promoted by the adjacent 
Sn atoms in the Pt 3 Sn alloy [282]. Despite reports that Sn can supply the OH to 
improve the oxidation of CO a a, it has been proposed that the electroactivity of 
PtSn/C catalyst is proportional to the amount of Pt 3 Sn phase present, without any 
contribution for CO oxidation derived from the PtSn phase, Pt/Sn0 2 clusters, or 
other structures [271]. Stevens et al. [235] prepared Pt r Sn, binary composition 
spreads via dc magnetron sputtering through shadow masks onto 3M 
nanostructured thin-film catalyst support. All samples were found to have the Pt 
fee structure at high Pt content. At high Sn content, only tetragonal Sn was seen. 
Electron microprobe measurements on catalyst electrodes after fuel cell testing 
showed some loss of Sn in Pt | _ t Sn v alloys containing > 80 atom% Sn. The HOR 
overpotentials for the Pt | r Sn r samples increased significantly for compositions at 
intermediate metal levels (Sn > 40 atom%), implying that the alloying elements 
significantly degraded the HOR capability of Pt. CO-stripping voltammetry 
measurements indicated that alloying Pt with intermediate levels of Sn led to lower 
CO-stripping onset potentials, implying improved CO tolerance. The Pti- x Sn v 
composition spreads all showed lower overpotentials at intermediate M content 
with 50 ppm CO (approximate as-sputtered ranges: Sn: 0.1 < x < 0.4), implying 
that binary catalysts would be more CO-tolerant than Pt alone. 

16.3.4 PtM (M = Fe, Co, Ni, Ta, Rh, Pd) Binary Systems 

PtFe alloys such as Pt 95 Fe 5 , Pt 85 Fei 5 , Pt 56 Fe 44 , and Pt 40 Fe6o, PtCo alloys such as 
Pt 82 Coi 8 , and Pt 57 Co 43 , and PtNi alloys such as Pt 76 Ni 24 , and Pt 56 Ni 44 are within the 
same group as PtRu and PtMo that exhibits excellent stability for the activity of H 2 
oxidation in the presence of 100 ppm CO, in comparison with pure Pt, as classified 
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by Watanabe et al. [169]. They studied the cyclic voltammograms on Pt and Pt-Fe 
alloy surfaces. From the cyclic voltammograms in the solution saturated with and 
without CO, it is clear that the blank anodic current on the Pt skin of the Pt-Fe 
alloy electrode commences to increase at about 0.6 V, which is ~0.2 V less positive 
than that of the pure Pt and shows a larger current at more positive potentials in 
comparison with the blank cyclic voltammograms on the pure Pt. This result infers 
that the Pt skin surface on the alloy has a larger affinity, or oxidizing property, to 
water molecules than the bulk pure Pt. On the alloy electrode with the saturated 
CO adlayer, the anodic current for CO oxidation begins to increase at about 0.6 V, 
corresponding to the onset of the water molecule oxidation or the adsorption of OH 
species, and shows only one anodic peak at 0.73 V without any shoulder peak. On 
the other hand, the oxidation of the adsorbed CO on pure Pt starts at a potential less 
positive than 0.55 V and shows a peak at -0.7 V via a small pre-shoulder. The 
shoulder current and the less positive onset potential can be ascribed to carboxyl 
radicals formed on the pure Pt surface [160, 283]. Despite almost the same total 
CO adlayer coverage on the Pt skin and the pure Pt, the electric charge (per real Pt 
surface area) for the CO adlayer oxidation on the Pt skin layer is larger than that of 
the pure Pt; this indicates that the former adlayer involves CO species with a larger 
number of electrons per Pt site, associated with the oxidation reaction not as a 
carboxyl radical or bridge-bonded CO but as linear CO. 

Cobalt is used to promote CO oxidation in reformers [284, 285], suggesting 
PtCo alloys may be useful catalysts for H 2 oxidation in the presence of CO. PtCo 
alloys have been proposed as improved methanol oxidation catalysts [286] because 
cobalt may assist with CO removal (CO is an intermediate in methanol 
electrooxidation) through a mechanism analogous to the PtRu bifunctional 
mechanism. PtCo alloys have also been studied as improved ORR catalysts [200, 
287, 288]. In addition to their improved ORR kinetics, these alloys have been 
shown to be more tolerant to methanol crossover in direct methanol fuel cells 
(DMFCs), again possibly through improved CO removal kinetics [289]. However, 
Stevens et al. [235] observed no impact on CO-stripping with the addition of cobalt 
to Pt, and explained this as due to surface cobalt dissolving away. 

Tantalum is resistant to corrosion because it forms a passivation layer under all 
practical conditions. In a study of Pt|- t Ta A alloys, it was shown that all of the 
tantalum was retained across the whole Pt|_,Ta t binary range after exposure to 0.5 
M H 2 SO 4 at 80 °C for 1 week [290]. This means that if a PtTa catalyst composition 
with improved performance is developed, it is likely that the composition will give 
stable performance over time. There are few reports in the literature on the use of 
PtTa alloys in PEMFC applications. The most relevant work, completed by 
Papageorgopoulos et al. [210], involved a study of alloys of platinum with 
molybdenum, niobium, and tantalum. In this study it was shown that Pt>,Ta was 
more active than pure platinum for hydrogen oxidation in the presence of CO. 
Stevens et al. [235] prepared Pt|_ t Ta A binary composition spreads via dc magnetron 
sputtering through shadow masks onto 3M nanostructured thin-film catalyst 
supports. A nanocrystalline/amorphous PtTa phase formed for compositions 
containing at least 30 atom% Ta and the fee phase was no longer observed. 
Electron microprobe measurements on catalyst electrodes after fuel cell testing 
showed that the Ta-based alloys were stable to corrosion. The HOR overpotentials 
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for the Pt | _ V Ta v samples increased significantly for compositions at intermediate 
metal levels (> 50 atom%), implying that the alloying elements significantly 
degraded the HOR capability of Pt. CO-stripping voltammetry measurements 
indicated that alloying Pt with intermediate levels of Ta may lead to lower CO- 
stripping onset potentials, implying improved CO tolerance. 

Gomez et al. [291] studied rhodium adlayers on Pt(l 1 1) substrates prepared 
by electrodeposition from dilute Rh 3f acidic solutions. For the electrooxidation of 
CO, the experimental behavior cannot be described as a linear combination of the 
behavior of Pt and Rh regions: there is a sizable shift of the voltammetric CO 
oxidation curve toward less positive values. In addition, two different voltammetric 
contributions are distinguishable, reaching to split voltammetric peaks. A 
bifunctional mechanism as proposed by Watanabe and Motoo [89] would be 
applicable in this case. Rhodium adatoms would adsorb OH, which would react 
with CO molecules adsorbed both at the center of the islands and at the platinum 
sites in the vicinity of the Rh islands. This would correspond to the first peak in the 
CO voltammetric stripping wave. The second (at more positive potentials) would 
correspond to the oxidation of CO adsorbed on Pt sites and needing to diffuse to 
the island edges in order to combine with adsorbed OH. The periphery of the 
islands would contain the bifunctional catalytic centers. The reaction in the center 
of the islands is especially slow probably because of a high adsoiption energy for 
both CO and OH, which leads to a much higher real energy of activation. In any 
case, the adsorptive and catalytic activity of the adlayers differ from those of the 
bulk Pt(l 1 1) and Rh(l 11) electrodes. The existence of strain in the film, together 
with a diminution in the coordination number for adatoms at the edges of the 
islands, are considered to be at the origin of the observed behavior. 

The PtPd bimetallic system also exhibits a high resistance against CO 
poisoning from the oxidation of formic acid [292-294]. Stonehart [295, 296] 
proposed PtPd alloys as suitable electrocatalysts in phosphoric acid fuel cells for 
hydrogen oxidation. According to his study, the alloys were more tolerant than 
platinum alone, were resistant to sintering, and could be prepared with a very high 
surface area. An extensive examination of the PtPd alloy system showed that a 
minimum in hydrogen polarization, for constant current density, was obtained at 
50-50 atom% levels [296]. However, PtPd alloys have given an inferior 
performance of Pt in a PEMFC [103], The potential use of carbon-supported PtPd y 
electrocatalysts (where y = 1-6) as CO-tolerant anodes for PEMFC applications 
has been investigated by Papageorgopoulos et al. [297]. Since exploratory 
experiments conducted in their lab in the past revealed extremely poor 
performance for PtPd catalysts with up to 50 atom% Pd, only Pd-rich 
electrocatalysts, supported on high surface area carbon and doped with Nation, 
have been prepared. Cyclic voltammetry experiments at 80 °C, the operating 
temperature of the PEMFC, reveal that upon CO saturation, a lower fraction of 
surface sites is poisoned in the case of PtPdy as compared to Pt, resulting in higher 
amounts of adsorbed hydrogen. By increasing the Pd content, this effect becomes 
more pronounced. Fuel cell tests demonstrated that the need for reasonable 
hydrogen oxidation currents, with and without CO, necessitates the presence of Pt 
in the catalyst. As a type of CO-tolerant PEMFC anode catalyst, PtPd y catalysts 
exhibit enhanced CO tolerance compared to Pt under operating conditions, with 
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PtPd 4 providing the best results. More importantly, improved performance 
compared to PtRu is demonstrated with 100 ppm or more of CO in the fuel stream. 

16.3.5 PtRuM (M = Mo, Sn, W, Cr, Zr, Nb, Ag, Au, Rh, Os, and Ta) Ternary 
Systems 

Of all the platinum alloys tested, platinum-ruthenium alloys, typically around the 
1:1 composition, are the only ones to have been introduced commercially. 
However, even the PtRu catalyst still suffers a loss of 25 and 40% in the maximum 
power density obtained when the H 2 feed contains 25 and 100 ppm CO, 
respectively [102], although injection of 4.5% 0 2 in the fuel stream was found to 
restore the performance with 100 ppm CO to that of pure hydrogen [8]. Other 
elements such as Mo [126, 204, 263] and Sn [35] when alloyed with platinum have 
also shown some promise in terms of improving CO tolerance, possibly performing 
better than the platinum-ruthenium alloys. They have not as yet been introduced 
into commercial applications, probably because PEMFC catalysts need to perform 
well under a variety of operating conditions for long periods of time with minimal 
degradation in performance. Non-noble elements such as Mo and Sn have the 
potential to corrode during operation, which may impact long-term stability. In 
addition, although these alloys are more CO-tolerant than pure Pt, the HOR 
overpotentials in the presence of CO are still very high relative to the 
overpotentials of the HOR in a CO-free gas feed. 

It is likely that further improvements in CO tolerance will only be found in 
more complex (e.g., ternary, quaternary, etc.) alloy systems. The range of 
compositions that can be studied in such systems is enormous and realistically can 
only be mapped well through the use of high throughput materials science 
methods. Several CO-tolerant Pt-containing anodes exist, such as Pt/Ru/Sn [225], 
Pt/Ru/W [225], Pt/Ru/Mo [225], Pt/Ru/Os [233], and Pt/Ru/Pd [298, 299]. There is 
interest in determining whether there would be any synergistic effects if both 
elements were incorporated into Pt, with Mo increasing the rate of CO removal at 
low current densities, leading to low overpotentials at low to moderate current 
densities with Ru providing high current capability at higher overpotentials. Pt- 
based ternary electrocatalysts, such as PtRuMo (Mo 10 wt%), do give better 
performance than those of PtRu/C in the presence of CO. 

In 2002, Papageorgopoulos et al. [210] investigated the effect on CO tolerance 
of including a metal M (M = Mo, Nb, and Ta) in Pt/C and PtRu/C. This was 
undertaken by comparing the cyclic voltammetry data and cell performance of the 
modified catalysts with those of traditional Pt/C and PtRu/C catalysts [210]. The 
new catalysts were binaiy PtM/C and ternary PtRuM/C (Vulcan XC72) systems, 
with a 20 wt% metal loading. The results showed that the inclusion of 10 at% Mo 
in PtRu - Pt 9 Ru 9 Mo 2 - produced an electrocatalyst with higher activity in the 
presence of CO than PtRu/C. Two earlier sets of studies prompted these 
experiments. One was work demonstrating that PtMo/C gave an up to three-fold 
enhancement in performance with H 2 (100 ppm CO)/0 2 compared with PtRu/C in 
the absence of C0 2 in the fuel [23, 204, 300]. The other research [224, 225] had 
reported the improved behavior of PtRu binary catalysts with the incorporation of a 
third metal, such as Cr, Zr, or Nb. 
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In another report, Pinheiro and co-workers [301] studied a number of PtRuMo 
catalysts and found that Pt 70 Ru 2 oMoio was a more effective fuel oxidation catalyst 
than PtRu for DMFCs. At low Mo content, Pt x Ru y Mo z (e.g., Pt 70 Ru 26 Mo 4 ) 
dispersed as nanoparticles in a conducting polymer matrix was found to give 
higher methanol oxidation current densities at 400 mV and in full DMFC fuel cell 
testing than PtRu alone [224]. These reports were all consistent with the finding 
that relatively low Mo levels can improve either CO tolerance or methanol 
oxidation performance relative to PtRu alone. In order to study this composition 
space in more detail, Stevens et al. [302] prepared a (Pti_ x Ru x )i- y Mo y (0 < x < 1,0 
< y < 0.3) ternary composition spread catalyst array and tested the HOR 
capabilities of 64 discrete catalyst compositions across this phase space in a 64- 
electrode proton exchange membrane fuel cell. The film was found to be 
reasonably stable when exposed to acid at 80 °C. The ratio of Ru to Pt across the 
composition spread was unchanged after a sample film was exposed to acid at 80 
°C for one week, implying minimal Ru dissolution. There was evidence for some 
loss of Mo at the high Mo end of the composition spread during acid testing, most 
likely indicative of loss of Mo from the surface. CO-stripping voltammetry results 
showed that the addition of Ru to Pt led to a reduction in the onset potential for 
CO-stripping, coupled with an increase in CO-stripping area. The results also 
showed that the addition of Mo to Pt led to a reduction in both CO-stripping onset 
potential and CO-stripping area. These results were consistent with those obtained 
on equivalent binary composition spreads reported in an earlier paper. The addition 
of both Ru and Mo to Pt led to a combination of these trends. All compositions, 
with the exception of those containing high Ru content, showed good hydrogen 
oxidation catalytic activities. At low Ru content, the overpotential for hydrogen 
oxidation in the presence of 10 and 50 ppm CO at moderate current densities was 
very large (400 mV), highlighting the impact of poor CO tolerance on catalytic 
activity for Pt. As either the Mo or Ru content increased, the HOR overpotential 
measured under simulated reformate decreased. Optimum performance at 500 
mA/cm 2 was recorded on channels containing both Ru and Mo, e.g., 
Pt 040 Ru 0 . 35 Mo 0 . 25 , in addition to Pt. Air bleed was beneficial for electrodes with 
low Mo content, where it helped slow down the rate of CO poisoning as the 
potential was swept to lower values. Air bleed was found to have very little impact 
on hydrogen oxidation in the presence of CO for electrodes containing moderate to 
high (within the range prepared) Mo content. Electrodes in the optimum 
performance region performed at least as well with no air bleed as electrodes with 
minimal Mo content performed with air bleeds. These results all suggest that 
compositions around Pt0.40Ru0.35Mo0.25 are worth examining further as candidates 
for the anode in improved CO-tolerant fuel cells. 

Well-dispersed ternary PtRuSn catalysts of various atomic ratios (60:30:10, 
60:20:20, and 60:10:30) were deposited onto carbon using a modified alcohol- 
reduction process by Wu et al. [303]. The alloy phase structure and surface 
morphology for each variation of the PtRuSn/C catalysts were determined by XRD 
and HR-TEM. In order to evaluate the contributions of Ru and Sn in the different 
stages of ethanol oxidation, electrochemical oxidations of adsorbed CO, ethanol, 
acetaldehyde, and acetic acid were performed on each PtRuSn/C catalyst. The 
results indicated that the Ru-rich PtRuSn/C catalyst (60:30:10) exhibited the lowest 
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onset potential for the electrooxidations of adsorbed CO, which may be partially 
attributed to it having the highest Ru content and also to the abundant Pt 3 Sn 
structures in the catalyst, which was confirm by XRD analysis. On the other hand, 
the amount of Ru or Sn alloyed with Pt usually is smaller than nominally predicted, 
because some of these atoms are present as amorphous species on the catalyst 
surface, most likely as oxides [283]. So, as expected, Sn will exist in part as Sn0 2 
surrounding Pt alloy, which was confirmed by the XRD pattern at the 20 value of 
33.1 and 52.1 in the Sn-rich PtRuSn/C catalyst (60:10:30). 

Venkataraman et al. [304] investigated four ternary catalysts, Pt-Ru-Ag, Pt-Ru- 
Au, Pt-Ru-Rh, and Pt-Ru-W 2 C, as anode electrocatalysts for the oxidation of 
hydrogen containing carbon monoxide. These third components were selected as 
co-catalysts that help in CO oxidation and/or which reduce CO adsorption on Pt. 
The catalysts were either alloys or intimate admixtures of the components. 
Alloying non-adsorbing or weakly adsorbing components can modify the nature of 
the adsorbed CO by modifying the electronic structure (filling of d orbitals) as 
observed with PtSn alloys [305], and by introducing a steric or ensemble effect as 
observed with PdAg alloys [306]. The nature of CO adsorption on Pt and Pd was 
modified from bridged to linearly-bonded CO by the addition of Sn and Ag, 
respectively. Tungsten carbide has good stability in acid solutions and has 
electronic properties similar to platinum. Tungsten carbide has also been found to 
be a good CO-tolerant catalyst in a phosphoric acid fLiel running on unprocessed 
methanol reformate gas [307]. Gold has been found to lend CO tolerance to Pd. 
Rhodium is a very good catalyst for hydrogen electrooxidation and has been found 
to enhance the activity of Pt in a PtRh [56] alloy catalyst. The Pt-Ru-W 2 C (1:1:0.4 
molar ratio) oxidizes CO at a lower potential (~200 mV), and the polarization for 
oxidation of hydrogen-containing CO was lower than the widely used PtRu (1:1 
molar ratio) catalyst. At low polarization, the Pt-Ru-W 2 C catalyst showed twice the 
activity of the PtRu catalyst when the oxidation currents were normalized to the Pt 
area. W 2 C appears to aid in the oxidation of CO. X-ray diffraction and CO- 
stripping voltammetric studies indicate that the presence of a third component 
reduces the amount of Ru alloyed with Pt in the catalyst and increases the potential 
at which CO oxidation occurs. The anode polarization was found to be higher than 
that of PtRu for all ternary catalysts other than Pt-Ru-W?C. 

Though these ternary catalysts still suffer anode polarization losses in the 
presence of CO, optimization of the composition and structure of the catalyst and 
use of new components could lead to further improvements in CO tolerance. 

16.3.6 The Pt, PtRu-MO s (M = Mo, W, and V) System 

It has been mentioned previously that bimetallic PtMo alloy catalysts have 
attracted considerable attention as alternatives to PtRu for their high catalytic 
activity in H 2 oxidation with CO/H 2 feed [22, 23, 70, 127, 204, 225, 259-263]. 
With regard to the PtMo alloy, Mo atoms have been reported to have oxygen- 
containing ligands even at H 2 potentials, which were responsible for the excellent 
CO tolerance [23, 204]. This notion was supported by the results for Mo K-edge 
XANES spectra, which showed that Mo was present as hydrated oxides with a 
valence state of +IV at 0 V [204]. It has been reported that carbon-supported nano- 
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sized Pt/Mo-oxide heterogeneous catalyst has improved CO tolerance [308, 309]. 
In Pt/MoO x catalyst, both Pt and MoO x nanoparticles were dispersed on the support 
surface, and therefore Mo would be present as a stable oxide form under PEMFC 
conditions. A performance evaluation of CO(100 ppm)/H 2 showed that the CO 
tolerance of Pt/MoO x was nearly comparable to that of alloy catalysts [127, 225], 
and the role played in CO tolerance by 0 2 that has crossed over from the cathode 
was discussed [309]. While the oxygen that permeates from the cathode mitigates 
CO poisoning to some extent, the CO tolerance of Pt/MoO x is most likely to be 
dominated by intrinsic mechanisms such as bifunctional CO removal and/or the 
WGS reaction. CO tolerance of these non alloy-type anode catalysts is due to the 
interaction between Pt and metal oxides affected by the nature of the Pt catalyst 
[310], Therefore, it is important to examine the nature of the intrinsic CO tolerance 
of Pt/MoO x catalysts for the further development of catalysts. Ioroi et al. [311] 
prepared carbon-supported Pt/Mo-oxide catalysts, and the reformate tolerances of 
Pt/MoO x /C and conventional PtRu/C anodes were examined to clarify the features 
and differences between these catalysts. Fuel cell performance was evaluated under 
various reformate compositions and operating conditions, and the CO 
concentrations at the anode outlet were analyzed simultaneously using on-line gas 
chromatography. Pt/MoO x showed better CO tolerance than PtRu with CO(80 
ppm)/H 2 mixtures, especially at higher fuel utilization conditions, which was 
mainly due to the higher catalytic activity of Pt/MoO x for the water-gas shift 
(WGS) reaction and electrooxidation of CO. In contrast, the C0 2 tolerance of 
Pt/MoO x was much worse than that of PtRu with a CO 2 (20%)/H 2 mixture. The 
results of voltammetry indicated that the coverage of adsorbates generated by C0 2 
reduction on Pt/MoO x was higher than that on PtRu, and therefore, the 
electrooxidation of H 2 is partly inhibited on Pt/MoO x in the presence of 20% C0 2 . 
With CO(80 ppm)/CO 2 (20%)/H 2 , the voltage losses of Pt/MoO x and PtRu were 
almost equal to the sum of the losses with each contaminant component. The 
behavior of the CO concentration at the anode outlet is essentially the same as in 
the case of CO(80 ppm)/H 2 . Although the adsorbate coverage on Pt/MoO x 
increases in the presence of 20% C0 2 , CO molecules in the gas phase could still 
adsorb on Pt through an adsorbate “hole” to promote WGS or electrooxidation 
reactions, which leads to a reduction in the CO concentration under C0/C0 2 /H 2 
feeding conditions. 

The Pt-WO x system has been the subject of several research studies and in 
sulfuric acid a co-catalytic activity for oxidation of H 2 /CO is shown by tungsten, 
although the effect is not as strong as that for ruthenium [199, 225, 312, 313], At 
the potential of a PEMFC anode, tungsten is supposed to be active as a redox 
catalyst which is present in an oxidized state and written as W0 5 - v . The co- 
catalytic activity is supposed to be due to a rapid change of the oxidation state of 
W, involving the postulated redox couples W(VI)/W(IV) [314] or W(VI)/W(V) 
[312]. These redox activities render the tungsten sites active for either the 
dissociative adsorption of water or the oxidation of adsorbed hydrogen. In 2003, 
based on the results of previous papers [199, 315-318] that showed the addition of 
Mo or W (especially for PtRu/WOyC [317]) could enhance the CO tolerance of 
catalysts, Hou et al. [319] prepared new composite catalysts of PtRu-FFMOyC (M 
= Mo and W) by dispersing PtRu particles in a composite support composed of 
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colloidal HJVIO 3 (M = W or Mo) and Vulcan XC72. These authors investigated the 
performance of the catalyst by comparing its electrochemical behavior with that of 
PtRu/C. The contents of the noble metals in all the catalysts were 20 wt% Pt and 
10 wt% Ru, and the content of HJVIO 3 in PtRu-H v M0 3 /C was 20 wt%. It was 
found that the noble metals in both PtRu/C and PtRii-Ff MOVC were uniformly 
and highly dispersed on the supports, and there were no obvious differences when 
a composite support was used instead of the carbon support. Both H. WO? and 
HJVI 0 O 3 existed in an amorphous form, and provided sufficient interfaces between 
the noble metals and the transition metal oxides in the catalysts. Such a structure 
promises a better CO tolerance than PtRu/C by lowering the starting potential for 
CO oxidation and by improving the H 2 oxidation when active sites on the noble 
metals are blocked by CO. In single-cell performance tests of all the catalysts, 
operated with H 2 /50 ppm CO and H 2 /100 ppm CO, those with PtRu-H v Mo0 3 /C 
electrodes were better than those with PtRu/C. These results were attributed to the 
presence of sufficient interfaces between the noble metals and transition metal 
oxides in the catalysts and to the bifunctional effects of CO electrooxidation 
reactions strengthened by the existence of active water that is bonded on the 
transition metal oxides. 

CO a d S cannot spillover the carbon substrate, which implies that contact between 
the co-elements is necessary to improve the CO a d S tolerance. Maillard et al. [320] 
thus adopted another tactic in which the interface between the electrocatalyst and 
the substrate provides new electrocatalytic sites. This is the case of tungsten 
bronzes H x WO y -supported Pt electrocatalysts in which the (electro)catalytic 
activity is provided by metallic platinum and the Bronsted acid function by WO t . 
Pt-WO x /C composite materials elaborated via a two-step impregnation- 
electrochemical reduction method have been characterized and tested by Maillard 
et al. [320] for the electrooxidation of CO/H 2 mixtures. TEM and EDS 
measurements revealed that WO x imperfectly covered the C particles. Nanometer¬ 
sized or agglomerated Pt particles were found on the WO x /C surface. XRD 
measurements revealed the absence of diffraction peaks characteristic of crystalline 
WO x and could indicate that this material is amorphous. No evidence of alloying 
between the Pt and W was observed. WO x /C evidenced stability in acidic medium 
(1M TESOzO within the time scale of their experiments (1 day) and survived 
extensive potential sweeping up to 1.4 V vs. RHE. The H de-intercalation from 
WO x is clearly visible in cyclic voltammograms at 0.1 V vs. RHE, H intercalation 
into WO x being hidden by the electrochemical features associated with Vulcan 
XC72R. Pt nanoparticles have been electrodeposited onto this material. The results 
suggested that WO x very slightly modifies the electronic density of the Pt 
nanoparticles. A significant improvement toward the electrooxidation of a CO a d S 
monolayer was observed for the composite material compared to pure Pt/C 
electrocatalyst, which is evidenced by a new electrooxidation peak at 0.55 V vs. 
RHE (v = 0.02 Vs ). As the electrical charge below this electrooxidation peak is 
sweep-rate-dependent, it is probably associated with the electrooxidation of CO a d S 
on Pt sites at the interface with the WO x /C support. Potentiostatic measurements 
revealed that Pt-WO x /C materials presented comparable CO tolerance to 20 wt% 
PtRu/C at short times (/ < 3000 s). Significant degradation of the electrocatalytic 
performances is evidenced at longer times. A likely reason for this is the lower 
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equilibrium CO a d s coverage observed with perfect PtRu alloys. Comparison of 
these data with the literature suggests that the best CO a[ ] s tolerance with Pt-WO x 
materials is achieved when the interaction between Pt and WO x materials is 
maximized. 

Pereira et al. [321] investigated the anodes with Pt-WO x /C and phosphotungstic 
acid (PTA)-impregnated Pt/C electrocatalysts. The choice of phosphotungstic acid 
is based upon its high protonic activity, suitable oxygen affinity properties [322, 
323], and previously demonstrated positive action on CO oxidation with Pt-Ru/C 
catalysts [324]. Heteropolyacids (like PWA, PMoA, SiWA, etc.) containing these 
oxides were selected by Gatto et al. [325] for the development of CO-tolerant 
electrodes. Different electrodes were prepared by using a spray technique for both 
diffusive and catalytic layers. The catalytic layer was obtained using a 30 wt% 
Pt/Vulcan as an electrocatalyst mixed with a Nation solution for the standard 
electrode (SE). CO-tolerant electrodes were prepared by adding different weight 
percentages (6-15%) of phosphomolybdic acid (PMoA) to SE, and for all the 
prepared electrodes, the Pt loading was maintained as a constant at 0.5 mg cm 2 . 
By feeding the fuel cell with H 2 -CO/air, an improvement in the cell performance 
proportional to the increase of the percentage of PMoA was observed. The best 
value was reached by using a percentage of inorganic compounds in the range of 
12-15 wt%. A short time test (160 h) was carried out at 80 °C in H 2 -CO/air with 
an average power density of 220 mWcm 2 , confirming the stability of the system. 
The right compromise between the Pt catalyst and the heteropolyacid ratio could be 
a helpful tool in limiting Pt poisoning. Quite a high performance was achieved for 
the PEMFC fed with H 2 + 100 ppm CO and with anodes containing 0.4 mg PtWO x 
cm" 2 , and also for those with 0.4 mg Pt cm 2 impregnated with ~1 mg PTA cm 2 . 
However, a decay of the single cell performance with time was observed, and this 
was attributed to an increase of the membrane resistance due to the polymer 
degradation promoted by the crossover of the tungsten species throughout the 
membrane. 

16.3.7 Ru-modified Pt Catalysts and Pt-modified Ru Catalysts 

In recent years, investigation of the mechanism of promotion as well as the search 
for more active or less expensive PtRu catalysts has turned to the study of Ru 
modified Pt and/or Pt modified Ru catalysts. Spendelow et al. have recently 
reviewed the results of such studies [12]. Although not all of the catalysts produced 
by the modification of carbon-supported Pt particles by Ru exhibit performances in 
a fuel cell environment that are any better than that of the best conventionally 
prepared PtRu/C catalysts, they and Ru-modified single crystal Pt surfaces have 
proved useful in providing a more detailed understanding of the bifunctional 
mechanism. In particular, Herrero et al. [326] showed that OH adsorption on Ru 
sites on a Pt(l 1 0) surface could be identified as active in the bifunctional 
mechanism (their study was of methanol oxidation, enhancement of which is 
thought also to occur via the bifunctional mechanism). Evidence of a local 
electronic modification of Pt atoms near Ru atoms on a modified surface has also 
been provided by such studies [107, 112, 168, 180], The relative contributions of 
water activation and the electronic perturbation of Pt have been debated in the 
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literature, with the consensus being that most of the enhancement may be attributed 
to water activation at the Ru sites [106, 107, 132]. 

Modification of Pt nanoparticles by Ru has been accomplished using a variety 
of Ru pre-cursors [217, 220, 327-329]. The spontaneous deposition from acidic 
aqueous solutions of RuC1 3 [217, 220, 327] has been shown to result in the 
formation of ruthenium oxides on the surface of the Pt, which after subsequent 
reduction form metallic Ru islands [217]. Fachini et al. showed that 
Ru 4CO)</CH;CNF in dichloromethane could be used [328]. The adsorbed Ru 
species was reduced by treatment with H 2 . Most recently it has been shown that 
Ru(C 5 pl 5)2 in heptane can be reacted with the reduced Pt/C surface and 
subsequently treated with FF to selectively deposit Ru on the Pt and not the C 
support [329]. The resulting catalyst was shown, using XRD and EXAFS, to 
consist of a ruthenium oxide decorated surface, which upon electrochemical 
reduction formed a metallic PtRu surface alloy. The results obtained in this study 
further inform the understanding of the role of Ru in promoting the oxidation of 
CO at PtRu alloy surfaces, by providing direct evidence of the presence of both 
Ru’ and Ru 41 species at the surface of PtRu catalyst particles in the potential 
region in which CO oxidation occurs. 

Ru-modified Pt surfaces can be prepared in a variety of ways, all starting with a 
pure Pt surface that is subsequently modified by Ru deposition from a gas phase, 
an aqueous phase, or a non-aqueous liquid phase. A variety of methods have been 
used to deposit Ru submonolayers on Pt surfaces, including wet electroless 
deposition (either spontaneous deposition [215, 330] or forced deposition [178, 
232]), electrodeposition [326, 331-333], vacuum deposition by evaporation [334, 

335] or chemical vapor deposition [107, 117], and deposition from a variety of 
organic and inorganic Ru precursors dissolved in non-aqueous solvents [328, 329, 

336] . Studies on Pt single crystals have verified that the deposition results in the 
growth of three-dimensional Ru islands (Volmer-Weber growth) [116, 335, 338], 
as would be expected based on the higher surface energy of Ru compared with Pt 
(reference [338] and references therein). The method of Ru deposition influences 
the resulting surface structure, with consequences for electrocatalysis. 

In agreement with previous observations on PtRu alloy surfaces [18, 20, 67, 
339], ruthenium-modified Pt surfaces exhibit a substantial electrocatalytic 
enhancement toward the oxidation of adsorbed CO, demonstrated by the shift of 
the CO oxidation peak to more negative values [112, 116, 180]. FTIR spectra on 
the CO-covered electrodes indicate that the electrocatalytic activity of the Ru- 
modified Pt(lll) for CO oxidation is slightly higher than that of a 50:50 Pt/Ru 
alloy [116]. 

A new method based on spontaneous deposition of Pt on Ru has recently been 
demonstrated for Pt [340] and Pd [341] deposition on a Ru(0001) single crystal 
surface, which involves a reduction of FFPtCb, coupled with the oxide formation 
on Ru [340]. A selective Pt deposition on Ru (no deposition on carbon) is 
attainable without the application of an external potential [342]. Spontaneous 
deposition of Pt on Ru nanoparticles can be used to control the Pt cluster size and 
to tune the electronic and catalytic properties of PtRu catalysts. In addition, this 
approach facilitates a considerable reduction of Pt loadings by depositing Pt at the 
surface of Ru nanoparticles rather than having Pt throughout the PtRu 
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nanoparticles. Brankovic et al. [109] used this new method for the preparation of 
PtRu and similar bimetallic electrocatalysts. It involves a spontaneous deposition 
of Pt submonolayers on metallic Ru nanoparticles, which yields electrocatalysts 
with a considerably lower Pt loading and higher CO tolerance than the commercial 
PtRu alloy electrocatalysts. The method offers a unique possibility to place the Pt 
atoms onto the surface of Ru nanoparticles, which very likely makes almost all of 
them available for hydrogen oxidation, in contrast to the PtRu alloy catalysts that 
have Pt throughout the nanoparticles. Thus, an ultimate reduction of Pt loading can 
be achieved. It also facilitates a fine-tuning of the electrocatalyst’s activity and 
selectivity by changing the coverage (the cluster size) of Pt for optimal 
performance under required CO tolerance levels. 

Pt 


Ru 

Figure 16.8. A cubo-octahedral particle model for the electrocatalyst, consisting of the Ru 
particle with two-dimensional Pt islands on its surface [343], (Reprinted from 
Electrochimica Acta, 49(22-23), Sasaki K, Wang J.X, Balasubramanian M, McBreen J, 
Uribe F and Adzic R.R, Ultra-low platinum content fuel cell anode electrocatalyst with a 
long-term performance stability, 3873-7, ©2004, with pennission from Elsevier.) 

An active anode electrocatalyst, consisting of 1/8 of a monolayer of Pt on a 
surface of carbon-supported Ru nanoparticles, has been shown to exhibit excellent 
long-term performance stability in an operating fuel cell [343]. Figure 16.8 depicts 
a proposed structural model for the active electrocatalyst; it shows a cubo- 
octahedral model of the Ru particle with two-dimensional islands of Pt on its 
surface. The electrocatalyst has reduced susceptibility to poisoning by CO, in 
addition to the strong segregation of the Pt atoms on the Ru substrate that 
determines this characteristic. Kinetic parameters were determined by 
electrochemical techniques using thin-fdm rotating disk electrodes. X-ray 
absorption spectroscopy near edge structure was used to determine the t/-band 
vacancies of a Pt submonolayer on a surface of carbon-supported Ru nanoparticles, 
and to relate it to the bonding strength of CO. XANES, electrochemical and gas- 
phase experimental data, and DFT calculations suggest there is a favorable 
electronic effect that reduces CO adsorption energy in a Pt submonolayer on a Ru 
catalyst, compared to pure Pt and PtRu alloys. In addition to the high activity for 
H 2 oxidation and CO tolerance, the strong segregation of Pt from the Ru substrate 
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is a key factor that ensures this catalyst’s stability. Such segregation can be 
predicted using simple thermodynamic considerations of surface tensions, the 
enthalpy of mixing and the atomic radii of the two metals [344], and recent DFT 
calculations [345]. The latter show that a Pt overlayer on a Ru substrate represents 
a very strongly segregated system, in agreement with the observed stability of the 
catalytic activity of the PtRu [345] over 1000 h at 80 °C. 

16.3.8 PtRu on Functionalized Carbon and Carbon Nanotube Systems 

Because the size and structure of nanoparticles have a significant effect on catalytic 
reactions, well-controlled nanostructures are essential for creating efficient 
catalysts. In general, this is achieved by supporting the noble metal on a high- 
surface-area carbon support, such as Vulcan XC72, which maximizes the specific 
surface area of the noble metal and therefore its activity per unit weight. With 
respect to the electrocatalyst, an alternative approach to enhance the catalyst 
performance could be the search for suitable active supporting materials for Pt or 
Pt-M alloy [346], In order to improve metallic dispersion it would be advantageous 
to utilize large surface carriers displaying a high number of anchoring sites. Thus, 
increasing the amount of surface functional groups of the support without 
decreasing its surface area would increase the dispersion of the metallic function. 
In a similar vein, small particles would be more active than large ones, since their 
surface area would be maximized. However, it must be taken into account that for 
small particles, strong interaction with the support may play a key role in their 
catalytic behavior. As well, it must be considered that the high Miller index crystal 
faces expose surface irregularities such as kinks and steps. Such defects may 
increase the intrinsic activity of a metal [347]. In spite of the large body of 
information concerning the CO oxidation reaction on Pt and carbon-supported Pt 
catalysts, there is a lack of studies dealing with the effect of the support nature in 
such processes. 

Acid treatment can improve the performance of the carbon-supported activated 
catalysts [348]. Usually, additional treatments of the support are essential to 
remove (partially) any surface contaminant. Such contaminants are known to 
decrease the surface area of the deposited Pt [301]. There is no clear relationship 
between the amount of oxide surface groups in the carbon and the amount of 
anchored metal. Recently, a series of PtRu electrocatalysts supported over 
modified carbon displayed better performances than the commercial ones that have 
been reported [349]. Chemical modification of carbon Vulcan XC72R for fuel cell 
applications has been undertaken by de la Fuente et al. [350], with the aim of 
optimizing the anchoring of metallic particles. Treated carbons were used as 
carriers for the deposition of Pt nanoparticles and used as electrocatalysts. The 
influence of the carbon treatment as well as that of the Pt nanoparticles generation 
and their deposition route have been studied. Carbon modification by chemical 
treatment leads to an enhancement of the amount of surface oxygen groups. 
However, neither larger amount of Pt nor better Pt dispersion was observed during 
the preparation of Pt/C samples. Final particle size depended on the strength of the 
reducing agent, although the actual nature of the reducing agent has to be taken 
carefully into account. The ability of Pt/C samples towards CO oxidation depended 
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to a larger extent on the nature of the support than on the nature of the Pt particles, 
although both aspects should be taken into account. A single CO-stripping peak 
was observed over samples prepared on treated carbons, due to the homogenization 
of the sample surface after the treatment. CO mobility over actual electrocatalysts 
formulations, i.e., carbon-supported Pt, is low, resulting in broad or double CO- 
stripping peaks, depending on the support treatment. 

Being a new form of carbon materials [351], carbon nanotubes (CNTs) have 
been a main focus of many current research efforts since recent development in 
large-scale syntheses of the material has significantly increased their availability 
[352, 353]. Due to their unique structure, high surface area, low resistance, and 
high stability, CNTs are considered promising supporting materials for 
electrocatalysts in PEMFC technology [279, 354-360]. A number of earlier 
investigations have shown that Pt deposited on CNTs can exhibit high activity for 
methanol electrooxidation as well as oxygen electro-reduction [279, 355-534]. But 
a pretreatment of the CNT support in oxidative mineral acid was always found to 
be beneficial for a homogeneous metal deposition and thus better for catalytic 
performance [279, 355, 356, 361-363]. Oxidative pretreatment can affect the 
density of surface functional groups, which could be necessary for better metal 
deposition and metal-support interaction [279]. The characteristics of nanosized Pt 
electrocatalyst deposited on carbon nanotubes (CNTs) were studied by Li et al. 
[364] with CO-stripping voltammogram and chronoamperometry measurements. 
The CNTs were pretreated by oxidation in HN0 3 , mixed HN0 3 +H 2 S0 4 , and 
H 2 S 04 +K 2 Cr 207 solutions, respectively, to enable surface modification. Well- 
homogenized Pt particles (average size: ~3 nm) were loaded onto the pretreated 
CNT samples by a modified colloidal method. The morphology, crystallinity, and 
surface properties of CNTs were modified by pretreatments with oxidative mineral 
acids. In particular, pretreatment of the as-received CNTs with mixed 
HN 0 3 +H 2 S 04 acids produced material CNTs-II having fairly large mesoporosity at 
pore sizes larger than 10 nm, higher concentration of surface functional groups, 
and good graphitic crystallinity. The CO-stripping cyclic voltammetric 
measurements showed that the Pt/CNT catalysts are more tolerant to CO 
poisoning, since the CO electrooxidation peak potentials over these Pt/CNT 
catalysts are 40-160 mV lower than that over the conventional Pt/XC72 catalyst. 
Moreover, they found that the pretreatment of CNTs in mixed HN0 3 +H 2 S0 4 
solution was very beneficial for the performance enhancement of Pt/CNT 
electrocatalyst; the catalyst obtained as such gave the lowest peak potential and the 
highest catalytic activity for the electrooxidation of CO. Larger amounts of 
oxygen-containing functional groups, a higher percentage of mesopores, and 
higher graphitic crystallinity of the pretreated CNTs were considered crucial for 
performance enhancement, e.g., by strengthening the interaction between Pt 
nanoparticles and the CNT support and enhancing the mass diffusion in the 
electrochemical reaction. 

In 2005, Gonzalez and co-workers [365] reported the performance of PtRu 
catalysts supported on carbon nanotubes [366, 367] for H 2 + 100 ppm CO. Their 
results were similar to those of PtRu on Vulcan XC72, with an overpotential of 100 
mV at 1 Acm 2 in a PEMFC. By contrast, a direct methanol fuel cell gave power 
densities and activity levels that exceeded those obtained with PtRu/Vulcan XC. 
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16.3.9 PtAu Binary System 

Typically, gold is considered to be a poor choice as a fuel cell electrocatalyst. 
However, gold would be a stable alloying element, although still expensive. PtAu 
alloys have been studied as potential DMFC catalysts and have shown methanol 
oxidation activity [368] for specific structures. Gold catalysts are also effective for 
removing CO from H 2 gas streams in reformers [369]. 

Pt|_ x Au x binary catalysts prepared by Stevens et al. [235] were found to have 
the Pt fee structure across the whole composition range. Electron microprobe 
measurements on catalyst electrodes after fuel cell testing showed that the Au- 
based alloys were stable to corrosion. The HOR overpotentials for the Pti_ x Au x 
samples increased significantly for compositions at intermediate metal levels (Au > 
50 atom%), implying that the alloying elements significantly degraded the HOR 
capability of Pt. The results obtained from testing with CO-free reformate suggest 
that Pti_ x Au x may be binary alloys that are able to catalyze the RWGS reaction. 
RWGS CO poisons the platinum surface, requiring larger overpotentials for a 
given current density. CO-stripping voltammetry measurements indicated that the 
addition of Au to platinum led to an increase in the CO-stripping onset potential. 
With ~75 atom% Au, a CO-stripping peak could no longer be seen. The peak may 
have shifted to higher potentials, meaning that the CO binds even more strongly to 
the Pt and results in a catalyst that is even less CO-tolerant than Pt. The lack of a 
CO-stripping peak may also mean that little or no CO binds to gold and/or that the 
presence of gold minimizes the amount of CO that binds to Pt. It is unclear from 
these data, therefore, whether the addition of gold is beneficial to Pt in terms of 
improving CO tolerance. The results of hydrogen oxidation polarization curves 
with a reformate fuel containing up to 50 ppm CO showed that Pt!_ x Au x binary 
does not improve CO tolerance. There was no HOR activity up to 400 mV vs. H 2 , 
regardless of composition prepared. This implies that the addition of Au to Pt does 
not improve CO tolerance in any way; in fact, it is quite possible that Pti_ x Au x 
alloys require even higher potentials to remove adsorbed CO. 

16.3.10 Pt-free Systems 

Although not to the same extent as Pt, palladium is another noble metal of high 
catalytic activity, which is used in some industrially relevant reactions [370]. Pd is 
a very good electrocatalyst for organic fuel electrooxidation [371] and has the 
remarkable ability to store and release substantial amounts of hydrogen [372]. 
While voltammetry studies have indicated stronger CO bonding on Pd [373] as 
predicted [27], another study [374] showed that the release of hydrogen occluded 
in palladium may provide a viable route for lowering the surface concentration of 
adsorbed CO. 

In Pt-free electrocatalysts, the surfaces of PdAu/C electrocatalysts are less 
strongly poisoned by CO than those of PtRu at temperatures of 60 °C. In 2001, 
Schmidt et al. [65] reported the CO tolerance of PdAu/C (Vulcan XC72) that was 
prepared via bimetallic colloidal precursors. This work was based on an earlier 
study by Fishman [375] in which PdAu-black alloys provided a highly active 
medium for the hydrogen oxidation reaction and a second metal (Au) produced 
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surfaces that did not adsorb CO under the operating conditions of a phosphoric 
acid fuel cell (PAFC). In addition, much lower CO adsorption energies on different 
poly- and single-crystalline PdAu surfaces, compared with pure Pd or pure Pt 
surfaces, were found from ultrahigh vacuum (UHV) studies [376]. At low 
overpotentials, these were more free active surface sites for hydrogen oxidation on 
PdAu than on PtRu at room temperature. Furthermore, at an elevated temperature 
of 60 °C, the surface of the PdAu/C appears to be less strongly poisoned by CO 
than that of PtRu/C, which gives rise to a larger concentration of free active Pd 
sites for H 2 oxidation. The superior activity of PdAu compared with PtRu/C was 
shown by CO/FF oxidation measurements at fuel-cell-relevant anode potentials 
(0.50-0.10 V). However, these results were obtained at temperatures below 60 ' C 
and further improvements, such as optimizing the PdAu/C with respect to particle 
size, alloy homogeneity, and stoichiometry are required. 

A Pt/Sn0 2 anode catalyst has been developed for PEMFC using CO- 
contaminated H 2 [310, 377]. The Pd/C and Pt/C anodes modified with Sn0 2 
nanoparticles for the PEMFC were investigated by Takeguchi et al. [379] using 
pure and 500 ppm CO-contaminated H 2 as fuel gas. Modification of the Pd/C 
anode with Sn0 2 nanoparticles enhanced the cell performance in pure H 2 , while 
modification of the Pt/C anode somewhat lowered the performance. Since Pd/Sn0 2 
and Pt/Sn0 2 were known to be active for the low-temperature oxidation of CO, 
avoidance of CO poisoning of Pt-group metals was expected [379]. The effect of 
Sn0 2 addition on the performances of the cell with the Pd anode in CO- 
contaminated H 2 was examined. The Sn0 2 addition to the anode somewhat 
decreases the electrochemical activity in pure H 2 , but clearly increases the CO 
tolerance of the anode catalysts. It was revealed by CO pulse titration that the 
Sn0 2 -eontaining catalysts adsorbed CO more weakly than the other catalysts 
without Sn0 2 nanoparticles. This phenomenon was derived from the interaction 
between Pt or Pd atoms and Sn0 2 nanoparticles, since these catalysts mixed with 
carbon did not exhibit intermetallic compounds. The cell voltage with the 
Pd/Sn0 2 /C anode in 500 ppm CO-contaminated H 2 was 0.41 V at a current density 
of 0.2 A/cm 2 , while that in pure H 2 was 0.59 V. The Pd/Sn0 2 /C anode exhibited 
good tolerance to CO poisoning, since the anode adsorbed CO more weakly. 
Neither electrochemical oxidation of CO nor a shift reaction contributed to the CO 
tolerance of the Pd/Sn0 2 /C anode. 


16.4 Preparation of CO-tolerant Catalysts 

The first step in the development of an anode catalyst is preparation. Several 
approaches have been used for the production of catalysts, both supported and 
unsupported. It is generally agreed that preparation has an important influence on 
catalyst performance [380]. Several techniques have been used to prepare the 
catalysts, such as colloidal chemistry methods [381-385], the impregnation method 
[386-390], and the reverse micelles method [391, 392]. Although the colloidal 
chemistry methods and the reverse micelles method produce very promising 
results, they are very complex compared to the impregnation method. The 
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application of these methods is still hindered by the complex colloid synthesis or 
catalyst preparation, which leads to non-competitive catalyst prices. 

Reduction of the metallic ions from their salts with sulfite [209], borohydride 
[383], formaldehyde [393], hydrazine [394], or formic acid [395] has been 
proposed, resulting in catalysts with such diverse physical characteristics that 
direct comparison of their electrochemical performances is a rather difficult task. 
In the case of bimetallic catalysts, the reduction of both metals can be done 
simultaneously or one after the other, as was described for Pt-Ru/C [396] and Pt- 
Co/C [397]. 

Catalysts can also be prepared by melting, arc-melting in an argon atmosphere, 
ion-beam implantation, etc., followed by heat treatment for homogenization. In 
some cases due to strong segregations during the heat treatment, surface 
composition can differ from bulk composition. An example of this is PtMo alloy. 
The bulk composition of the alloy was 66 mol% Pt and 33 mol% Mo (Pt,Mo). But 
after UHV annealing treatment at 970 K for 30 min, the resulting surface 
concentration of Mo was 23 mol%, and after Ar ion (0.5 keV) spattering, 30 mol%, 

It is known that the use of well-defined substrates (single-crystal electrodes) 
allows a more detailed understanding of the action mechanism of the two types of 
surface atoms. There are two main potential ways of preparing these surfaces. 
First, one could think of preparing single crystals of alloys with different 
compositions and cut them to obtain alloy surfaces with different orientations. 
Second, one of the components would be deposited (either reversibly or 
irreversibly) onto a single crystal of the other component. The first approach, only 
partially explored in electrochemical environments [37, 40, 202, 398-400], suffers 
from several drawbacks. Only some binary systems have solubility in the whole 
range of composition (total miscibility) and segregation can easily occur during the 
experiment, especially in the course of electrode pretreatment (i.e., during the 
flame-annealing procedure). On the other hand, the second procedure allows 
separation of the pretreatment of the electrode from the preparation of the 
bimetallic surface. Also, a whole range of coverage is attainable in most cases. 
However, adatoms of elements with high cohesive energy show a strong tendency 
to form islands, or even three-dimensional clusters or nanoparticles, at the surface, 
it not being possible to obtain bimetallic surfaces with a random distribution of 
both types of atoms (two-dimensional substitutional alloys). Gomez et al. [291] 
explored the deposition and electrocatalytic activity of a number of adatoms on 
platinum single-crystal electrodes, focusing especially on irreversibly adsorbed 
adatoms. Two main types of adatoms have been investigated: those of elements of 
the p-block in the periodic table (see, for example, Refs. [401-405]) and those of 
platinum-group metals (see, for example, Refs. [406-411]). The first are 
characterized by low cohesive energy and electronegativities that are rather 
different from that of platinum, which leads to the formation of ordered open 
structures composed of isolated adatoms at a relatively low coverage. High 
cohesive energies and electronegativities similar to that of the platinum substrate 
characterize the second group of adatoms (platinum-group metals). Many of the 
corresponding bimetallic surfaces possess intrinsic adsorption and electrocatalytic 
properties, in some instances distinct from those of the corresponding bulk 
substrate electrodes. Effects from the underlying substrate on the surface states as 
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well as the generation of new bimetallic sites at the edges of the islands are two of 
the factors explaining this particular behavior. Among the noble well-ordered 
bimetallic surfaces formed by Pt and another element, great attention has been 
devoted to Pd/Pt(l 1 1) [400, 406, 407, 410-415] and Ru/Pt(l 1 1) [46, 122, 215], 
and to a lesser extent to Pd/Pt(l 0 0) [292, 407, 416], Rh/Pt(l 1 1) [408, 412, 417], 
and Ru/Pt(l 0 0) [215, 337]. Some work has been devoted to Os/Pt(l 1 1) [330], 
Rh/Pt( 1 0 0) [409, 418], Pt/Rh(l 0 0) [418], Pt/Au(l 1 1) [419, 420], and 
Pt/Ru(0 0 0 1) [340]. One of the systems only partially explored is that of Rh 
adlayers on Pt(l 11). The preparation and characterization of these adlayers was 
presented a number of years ago [408, 412, 417]. 

Table 16.2. Physical characterization of PtRu alloy electrocatalysts [43], (Reprinted from 
Ralph TR, Hogarth MP. Catalysis for low temperature fuel cells, part II: the anode 
challenges. Plat Met Rev 2002;46(3):117-35, 2002. With permission from Platinum Metals 
Review.) 


Electrocatalyst 

XRD 
crystallite 
size, nm 

Calculated 
metal area 
m 2 g _1 PtRu 

CO 

chemisorption, 
metal area, 
m 2 g _1 PtRu 

XRD lattice 
parameter, 

nm 

67 wt% Pt, 

33 wt% Ru 
(unsupported) 

2.9 

114 

77 

0.388 

40 wt% Pt, 

20 wt% Ru 
supported on 
XC72R 

2.5 

131 

104 

0.388 

20 wt% Pt, 

10 wt% Ru 
supported on 
XC72R 

1.9 

150 

139 

0.388 


For industrial-scale manufacture of PtRu alloy electrocatalysts, Johnson 
Matthey use an aqueous slurry route with chemical reduction to form the metal 
alloy particles [421]. Table 16.2 shows physical characterization data of an 
unsupported Pt 05 Ru 0 .5 alloy black electrocatalyst and two high metal loaded 
Pt 0 , 5 Ruo 5 alloys supported on Vulcan XC72R carbon black at 40 wt% Pt, 20 wt% 
Ru, and at 20 wt% Pt, 10 wt% Ru. Particularly interesting is the high metal 
dispersion of all of the electrocatalysts, especially at high metal loadings. The X- 
ray diffraction (XRD) crystallite sizes are 2.9 nm (PtRu black), 2.5 nm (40 wt% Pt, 
20 wt% Ru), and 1.9 nm (20 wt% Pt, 10 wt% Ru). These are much lower than the 
corresponding values of 5.8 nm (Pt black), 4.5 nm (60 wt% Pt), and 2.8 nm (30 
wt% Pt) for the corresponding pure Pt electrocatalysts. The high degree of PtRu 
dispersion is most probably a reflection of the surface characteristics of the 
materials. Although the Pt 0 . 5 Ruo .5 electrocatalysts were well alloyed, the 
contraction in the lattice parameter shown in Table 16.2 suggests all were slightly 
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Pt-rich (that is, Pto.59R1io.41)- The lack of any crystalline Ru-rich phases in the 
XRDs suggests that the unalloyed Ru is present as an amorphous phase. Cyclic 
voltammetry and X-ray photoelectron spectroscopy (XPS) studies indicated that 
the surface of the electrocatalysts were rich in amorphous Ru oxide. This 
amorphous Ru oxide may play an important role in the co-deposition of the PtRu 
particles and in reducing the degree of sintering during the electrocatalyst 
manufacturing process. Many research efforts have been devoted to improving the 
catalytic performance of PtRu/C by increasing the catalyst dispersion [360, 422- 
430], and optimizing the atomic ratio [431-436] and surface state of PtRu [118, 
218, 321, 437-439]. Although there have been many debates over the optimal 
composition ratio in the PtRu/C alloy catalyst, the 1:1 atomic ratio of Pt and Ru 
was widely employed. 

Previously, it was known that a simple way to produce the alloy catalyst of the 
desired composition, in a wet-chemistry based method, is to match the ratio of 
metallic precursor concentrations to the target value. However, Kim et al. [424] 
recently showed that the synthesis parameters can significantly affect the yield of 
Pt and Ru loadings, and consequently the composition of Pt and Ru. In recent 
years, there has been considerable interest in the development of colloidal methods 
to prepare Pt-based fuel cell catalysts with narrow particle size distribution and 
homogeneous catalyst dispersion [422, 360, 426-428, 440, 441]. The investigation 
of Li et al. [442] focused on the effect of the synthesis conditions of a surfactant- 
stabilized colloidal method [441] upon the loss of Pt and Ru loadings and thus 
upon the Pt:Ru ratio in the resultant catalysts. Well-dispersed PtRu/C catalysts 
were prepared by supporting surfactant-stabilized PtRu hydrosol on carbon, 
followed by heat treatment at elevated temperature. The effect of the synthesis 
conditions and the heat treatment on the composition and electrocatalytic 
properties of PtRu/C towards methanol oxidation was systematically investigated. 
It was found that the pH environment and the reaction temperature could greatly 
affect the yields of Pt and/or Ru loadings, resulting in a final PtRu composition far 
from the expected nominal value. Moreover, after a post-heat-treatment process, 
the electrocatalytic activity of PtRu colloidal catalysts can be much improved, the 
enhancement of which can largely be explained by the improved alloy formation 
and removal of surfactant from the catalyst as demonstrated by the XRD and XPS 
analyses, respectively. 

Early studies revealed that rare earth oxides could interact with the noble 
metals to prepare catalysts of an unusual and unexpectedly high degree of 
dispersion and stabilization [443]. An efficient impregnation-reduction method, 
which is easy to control and does not need protective reagents and thermal 
treatments, was applied to synthesize uniform PtRu spherical nanoparticles with 
small size [448]. At the same time, Nd 2 0 3 was introduced as a dispersing reagent 
during the preparation step to control the crystallite growth of noble metals and 
enhance the degree of dispersion of the catalysts. TEM, XRD, and the CO- 
stripping voltammetry experiment results showed that noble metal particles of the 
PtRu/C catalysts are highly dispersed uniformly on the support and have similar 
morphology, and that the PtRu/C catalysts prepared adding Nd 2 0 3 have smaller 
particle size and higher degree of dispersion of the PtRu particles than the PtRu/C 
catalyst prepared without adding Nd 2 0 3 . Well-dispersed catalysts with an average 
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particle size of about 2 nm were achieved. The electrochemically active surface 
area of the different PtRu/C catalysts was determined by the CO ai j stripping 
voltammetry experiment. The effect of Nd 203 on the degree of dispersion of the 
noble metal and the reasons for the higher catalytic activity of the best in-house 
prepared PtRu/C catalyst were discussed. This preparation method also has other 
advantages, such as no need for protective reagents or thermal treatments, simple 
preparation procedure, and good reproducibility. 

A carbon-supported PtRu/C catalyst (PtRu-2/C) was prepared by a simple 
reversal of the order of mixing in catalyst preparation [445]: adding the metal 
precursor salts to a carbon slurry of NaBH 4 instead of adding NaBH 4 to a carbon 
slurry of the metal precursor salts (PtRu-l/C), as is more commonly done. These 
modifications in the preparation method resulted in catalysts of different attributes. 
The improved performance did not come from smaller particle size and/or a higher 
state of metal dispersion, since PtRu-2/C had neither. It has been reported that 
homogeneous PtRu alloys are far less reactive than bulk mixtures of Pt metal, Pt 
hydrous oxides, hydrous and dehydrated Ru0 2 [446, 447]. The enhanced activity 
was attributed to the presence of the mixed (electronic and ionic) conductor, 
hydrous ruthenium oxide [448]. The presence of mixed phases in PtRu-2/C and a 
single phase in PtRu-1/C was evident from CO-stripping voltammetry. In addition 
to PtRu, the mixed phases in PtRu-2/C have been identified as Pt(0) (based on a 
typical CO-stripping peak at 0.54 V and the well-defined hydrogen 
adsorption/desorption region), and platinum and ruthenium oxides (from XPS 
analyses). The lower cell resistance for PtRu-2/C relative to PtRu-1/C also suggests 
the existence of more electronically conducting components, presumably the mixed 
conductor hydrous ruthenium oxide. 

Although as described above these alloy systems have been studied by a 
number of research groups, it is difficult to directly compare one system to another 
because of differences between sample preparation methods and experimental 
techniques. Such multielement comparisons do not appear routinely in the 
literature because the amount of work involved in sample preparation and testing 
using traditional “one at a time” methods is prohibitive. Thus, a paper published by 
Stevens et al. [235] demonstrated the usefulness of composition spread preparation 
and analysis techniques for fuel cell catalyst research. Furthermore, performance 
measurements of Pt^M,. composition were used to identity more complex ternary 
or quaternary composition for future studies. 


16.5 Conclusions 

An overview of the mechanism of CO tolerance and the development of CO- 
tolerant catalysts, including Pt-based binary/ternary metallic electrocatalysts and 
Pt-free electrocatalysts, was presented. For many PEMFC applications, fuel 
containing CO other than pure H 2 is the most practical choice. The use of CO- 
tolerant electrocatalysts is generally considered the most promising way for solving 
the CO poisoning problem in PEMFCs. CO-tolerant catalysts are thus still being 
investigated by numerous research groups and will be for many years. CO-tolerant 
anodes usually contain a PtRu alloy as the state-of-the-art catalyst. The mechanism 



810 S. Ye 


of CO oxidation and the CO tolerance of PtRu catalysts with well-defined surfaces 
has been investigated and clarified. 

Although an electrocatalytic enhancement afforded by the addition of Ru to Pt 
catalysts is universally recognized, the exact mechanism of enhancement is still the 
subject of some debate. It is widely agreed that the bifunctional mechanism of Ru 
enhancement is a significant factor, and most authors agree that this is more 
important than any electronic (ligand) effects. Still, it seems that the ligand effect 
plays at least a small role. The relative effect of the two mechanisms depends on 
both the surface structure and the reaction being studied. 

Based on the bifunctional mechanism of CO tolerance, it is necessary to find a 
metal that can provide OH at as low a potential as possible (e.g., near the hydrogen 
reversible potential). Although PtRu is widely used as a reasonably reformate- 
tolerant anode catalyst, its CO tolerance is still unsatisfactory for the higher CO 
concentrations expected at system start-up or during changes in load. Moreover, 
the limited availability of Ru may become a significant problem before stationary 
PEMFC systems can be placed on the market. A wide range of Pt alloys has been 
examined in an attempt to modify the CO and hydrogen electrosorption properties 
of Pt - to reduce the CO coverage and increase the rate of hydrogen 
electrooxidation. It was shown that below 100 °C none of the Pt alloys was 
superior to PtRu but that the CO tolerance of PtRh approached that of PtRu. There 
are many bimetallic catalysts. Among them, PtRu, PtSn, and PtMo are the best 
CO-tolerant catalysts. Pt-Fe, Pt-Ni, and Pt-Co alloys have been found to exhibit 
excellent CO tolerance in H 2 oxidation, similar to that of the PtRu alloy. PtRuW 
and PtRuMo showed an improved CO tolerance over Pt and PtRu catalysts in the 
presence of 50-100 ppm of CO. It should be noted that practically all transition 
metals are oxidized in acid solutions. Non-precious metals such as Fe or Mo will 
be leached out, at least from the surface, and a Pt skin layer is formed, in contrast 
to the precious metal Ru in the PtRu alloy. 

Although attempts to find a more active catalyst than Pt/Ru have been ongoing 
for decades, the Pt/Ru systems still shows the best activity and stability for 
oxidation reactions relevant to anodes in direct methanol and reformate-fed fuel 
cells. Despite extensive study of Pt/Ru surfaces, many unanswered questions 
remain. The ideal distribution of Ru in or on Pt-based electrocatalysts is also a 
subject of debate. Another area of debate focuses on the question of the ideal 
oxidation state of Ru in Pt/Ru catalysts. Thus, there is reason to hope that further 
study and optimization of the Pt/Ru system may yield even more active 
electrocatalysts. Ru leaching from PtRu fuel cell anode electrocatalysts has a 
dramatic impact on the activity of a Pt/C oxygen-reducing cathode, and thus has a 
major role in the performance degradation of PEMFCs, particularly of DMFCs. 
Unless highly stable PtRu anode electrocatalysts are developed, the problem of Ru 
crossover and contamination at the cathode should be addressed by novel fuel cell 
designs where crossover is omitted, by less Ru-permeable membranes, or by more 
Ru-tolerant ORR electrocatalysts in PEMFCs. 

There is a considerable drive to raise the operating temperatures of the PEMFC 
to above 100 °C. This would raise the system efficiency and dramatically improve 
the CO tolerance of Pt-based electrocatalysts. If the temperature can be raised to 
160 °C, studies in the phosphoric acid fuel cell (PAFC) with 1 to 2% CO indicate 
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that PtRh and PtNi may offer superior CO tolerance. Indeed, at 200 °C pure Pt is 
the favored electrocatalyst in the PAFC. At higher temperatures PtRu may not be 
the electrocatalyst of choice in the PEMFC. There is currently much research 
aimed at developing membranes capable of proton conduction at 120 to 200 °C. 

PEMFC research directed towards the development of CO-tolerant anode 
electrocatalysts will furthermore be well suited to direct alcohol fuel cells, 
particularly direct methanol fuel cells. Success in the arenas of cost and complexity 
reduction rely on continued advances in materials development and fabrication 
routes, and are essential for realizing the market and environmental potential of 
fuel cells. In the next couple of years it is likely that much research and 
development will still focus on reducing the costs of existing fuel cell stack 
materials and increasing the durability of available components. This means that 
innovative materials scientists and engineers can still have a major impact on the 
commercialization of fuel cell technology. The challenge is to design, and process 
economically, materials that would allow PEMFC stacks and associated reformers 
to operate at elevated temperatures (over 120 °C). Material scientists and engineers 
have the opportunity to overcome these challenges and to ensure that fuel cells 
become a commercial success. 
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17.1 Introduction 

Fuel cells present a promising technology for providing clean, efficient electric 
power in a variety of applications. They are the most environmentally friendly 
alternative to internal combustion engine technology in vehicles. They also have 
applications in portable electronics, as well as distributed and back-up power. The 
last few years have witnessed a tremendous increase in the research and 
development of fuel cells, including the development of new materials, new system 
designs, and new operating methods. While many breakthroughs have been made, 
technical and economic barriers for commercialization still exist. For a polymer 
electrolyte membrane fuel cell (PEMFC) - the most promising fuel cell technology 
- to be used commercially in stationary or transportation applications, cost and 
durability are the major challenges. In transportation applications, fuel cell 
technologies face more stringent cost and durability requirements: a fuel cell 
system needs to cost less than $50/kW with a 5,000 hour lifespan (150,000 miles 
equivalent) and have the ability to function over the full range of vehicle operating 
conditions (-40 to +90 °C). For stationary applications, a fuel cell system operating 
on natural gas needs to achieve 40% electrical efficiency and 40,000 hours 
durability at $750/kW [1], To be commercially viable, however, fuel cell systems 
must also exhibit adequate reliability in operation, even when the fuel cells are 
subjected to conditions outside the preferred operating range. As PEMFCs 
approach commercialization, significant progress is being made towards producing 
systems that achieve the optimum balance of cost, efficiency, reliability, and 
durability. 

The ability of the fuel cell to operate under a wide range of conditions with 
different system characteristics is described by the term “fuel cell operational 
flexibility”. Optimum fuel cell operational flexibility must take into account both 
specified conditions and an estimated amount of unexpected, or “out-of- 
specification”, conditions over the fuel cell target lifetime. Some of the conditions 
to consider include: reactant composition and flow rates, operating and 
environmental temperature and pressure, humidification levels, peak load 
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requirements and turn-down ratios, duty-cycle characteristics (including percentage 
of time at different load points), and required rate of transient responses. 

Some factors are known to affect the life of PEM fuel cells. While platinum is 
an exceptionally active catalyst, its performance can quickly degrade. For PEMFC 
durability, deterioration in fuel cell performance is mostly due to degradation of 
the electrocatalyst, in addition to membrane degradation [2]. A number of 
mechanisms can contribute to catalyst degradation, including: catalyst 
agglomeration and catalyst dissolution/migration [3, 4]. It was found that Pt 
particle size increase is accelerated by potential cycling [3, 4]. It has also been 
observed that the size and morphologies of the Pt nanoparticles varied greatly from 
the cathode surface to the cathode-membrane interface after potential cycling [5, 
6]. Carbon oxidation and corrosion has been observed during PEM fuel cell start¬ 
up and shutdown operations [5, 7-9]. Mass transport properties degrade as a result 
of the accumulation of excess water in the gas diffusion pores [10, 11]. Impurity 
ions affect the membrane proton conductivity and oxygen reduction kinetics [12, 
13], In addition to membrane degradation, catalyst oxidation/dissolution, catalyst 
sintering, and cathode carbon corrosion, anode voltage reversal also severely 
affects fuel cell durability and reliability [14-18]. The development of a reversal- 
tolerant catalyst layer will be reviewed here. 

During normal operation of a PEM fuel cell, fuel is electrochemically oxidized 
at the anode catalyst, typically resulting in the generation of protons, electrons, and 
possibly other species, depending on the fuel employed. The protons are conducted 
from the reaction sites at which they are generated, through the electrolyte, to 
electrochemically react with the oxidant at the cathode catalyst. The electrons 
travel through an external circuit, providing useable power, and then react with the 
protons and oxidant at the cathode catalyst to generate water as the reaction 
product. 

In operation, the output voltage of an individual fuel cell under load is 
generally below one volt. Therefore, in order to provide greater output voltage, 
multiple cells are usually stacked together and connected in series to create a 
higher voltage fuel cell stack. End plate assemblies are placed at each end of the 
stack to hold the stack together and to compress the stack components together, 
thereby sealing and providing adequate electrical contact between various stack 
components. Fuel cell stacks can be further connected in series and/or parallel 
combinations to form larger arrays for delivering higher voltages and/or currents. 
However, fuel cells in series are potentially subject to voltage reversal, a situation 
in which a cell is forced to the opposite polarity by the other cells in the series. 
This can occur when a cell is unable to produce the current forced through it by the 
rest of the cells. It is possible that one or more membrane-electrode assemblies 
(MEAs) or groups of cells within a stack, or even a complete stack in a multi-stack 
system, can be driven into voltage reversal by other stacks in an array. Several 
conditions can lead to voltage reversal in a PEM fuel cell, including insufficient 
oxidant, fuel, or water, low or high cell temperatures, and certain problems with 
cell components or construction. High reactant utilization is generally required for 
most applications in order to maximize fuel efficiency and reduce system parasitic 
load, size, and weight that may be associated with the oxidant and fuel delivery 
and/or storage systems. Transient operation, particularly under the demanding 
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conditions of automotive applications, introduces greater challenges due to rapid 
load changes and the resulting wide range of conditions. 

During high overall stack utilization, uneven flow sharing between cells can 
result in partial fuel and/or air starvation conditions in individual cells. A lack of 
system response during a sudden change in reactant demand will lead to fuel and 
oxidant starvation. This situation can be exacerbated by the presence of liquid 
water in channels or by other blockages, resulting in further flow sharing 
difficulties that in extreme cases can lead to complete starvation conditions. One 
example of such a condition is sub-zero start-up or operation. As long as the stack 
temperature remains below zero Celsius, the cells are prone to ice formation and 
subsequent flow channel blockage. Figure 17.1 [15] presents the change in cell 
voltage and the equivalent module power with time during freeze start-up from -15 
°C. Negative values in the cell voltage for some cells can be clearly observed in the 
early stage of the freeze start-up. Although stack and system operation can be 
designed to reduce these occurrences, it is generally accepted that rapid heating of 
the stack to minimize ice formation is desirable. Alternatively, a flow field channel 
may be blocked due to deformation or inert gas blanketing the MEA. Reversal 
generally occurs when one or more cells experience a more extreme level of one of 
these conditions compared to other cells in the stack. While each of these 
conditions can result in negative fuel cell voltages, the mechanisms and 
consequences of such a reversal may differ, depending on which condition caused 
the reversal. 



Figure 17.1. Cell voltage and equivalent module power vs. time during freeze start-up from 
-15 °C 


Aside from the loss of power associated with one or more cells going into 
voltage reversal, this situation poses durability and reliability concerns as well. 
Undesirable electrochemical reactions may occur, which can detrimentally affect, 
or degrade, fuel cell components. For example, when there is an inadequate supply 
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of fuel (e.g., fuel starvation due to ice formation, water flooding at the anode, fuel 
supply problems, and the like) to a PEM fuel cell, there can be a rise in the 
absolute potential of the fuel cell anode, leading to electrolysis of the water present 
at the anode and to oxidation (e.g., corrosion) of the anode components. Such 
component degradation reduces the reliability and performance of the affected fuel 
cell and, in turn, its associated stack and array. Fuel starvation, an inadequate 
supply of fuel to the MEA at the anode, is the most damaging source of cell 
voltage reversal [17]. 

In this review, both cathode and anode voltage reversals, and the damage 
caused by voltage reversal will be presented. The development of a reversal- 
tolerant catalyst layer using different strategies, including enhancing water 
retention, using more corrosion-resistant catalyst support, and adding a water 
electrolysis catalyst into the anode structure will be reviewed. 


17.2 Cell Voltage Reversal 

17.2.1 Air Starvation 

During normal operation of a PEM fuel cell on hydrogen fuel, the following 
electrochemical reactions take place: 


at the anode: 

H 2 = 2H + + 2e~ 

(17.1) 

at the cathode: 

140 2 + 2H +2c =H 2 0 

(17.2) 

overall: 

H 2 + !40 2 = H 2 0 

(17.3) 


However, with insufficient oxidant (oxygen) present, the protons produced at the 
anode cross the electrolyte and combine with electrons directly at the cathode to 
produce hydrogen gas. 

2H + + 2e~ = H 2 E 0> 25 °c = 0.00 V (vs. NHE) (17.4) 

The anode reaction and the anode potential remain unchanged and the PEM fuel 
cell acts as a hydrogen pump. The cathode potential drops due to the lack of 
oxygen and the presence of hydrogen, and the cell voltage generally drops to very 
low levels or may even become negative. Since the oxidation of hydrogen gas and 
the reduction of protons are both very facile on Pt-based electrocatalysts (that is, 
small overpotential), the voltage across the fuel cell during this type of reversal is 
quite small. Hydrogen production actually begins at small positive cell voltages 
(for example, 0.03 V) because of the large hydrogen concentration difference 
present in the cell. The cell voltage observed during this type of reversal depends 
on several factors (including the current and cell construction) but, at current 
densities of about 0.5 A cnf 2 , the fuel cell voltage may typically be more than or 
about -0.1 V. 
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An insufficient oxidant condition can arise when there is water flooding in the 
cathode, oxidant supply problems, and the like. Such conditions then lead to low 
magnitude voltage reversals with hydrogen being produced at the cathode. 
Significant heat may also be generated in the affected cell(s). These effects raise 
potential reliability concerns. However, the low potential experienced at the 
cathode does not typically pose a significant corrosion problem for the cathode 
components. Nonetheless, some degradation of the membrane may occur from the 
lack of water production and from the heat generated during reversal. Also, the 
continued production of hydrogen may result in some damage to the cathode 
catalyst. 

17.2.2 Fuel Starvation 

In a PEM fuel cell system, there can be several sources of cell voltage reversal but 
most damaging is fuel starvation of the cell at the anode. A different situation 
occurs when there is insufficient fuel present. In this case, the cathode reaction and 
thus the cathode potential remain unchanged. However, the anode potential rises to 
the potential for water electrolysis. Then, as long as water is available, electrolysis 
takes place at the anode. However, the potential of the anode is then generally high 
enough to slowly start oxidizing typical components used in the anode, for 
example, the carbons employed as supports for the catalyst, or the electrode 
substrates. Thus, some anode component oxidation typically occurs along with 
electrolysis. (Thermodynamically, oxidation of the carbon components actually 
starts to occur before electrolysis. However, it has been found that electrolysis 
appears to be kinetically preferred and thus proceeds at a greater rate.) The 
reactions in the presence of oxidizable carbon-based components are typically: at 
the anode in the absence of fuel: 

H,0 = AO,+2H + + 2 e ~E 0 , 2 5 ° c = 1 -23 V (17.5) 

and 

AC + H 2 0 = 2C0 2 + 2H + + 2e~ E 0 j25 o C = -0.21 V (17.6) 

More current can be sustained by the electrolysis reaction if more water is 
available at the anode. However, if not consumed in the electrolysis of water, 
current is instead used in the corrosion of the anode components. If the supply of 
water at the anode inns out, the anode potential rises further and the corrosion rate 
of the anode components increases. Thus, there is preferably an ample supply of 
water at the anode in order to prevent degradation of the anode components during 
reversal. 

Studies at Ballard Power Systems [12] have shown that the electrochemical 
processes in this case can be monitored by following the cell voltage with time and 
by gas chromatographic analysis of the anode outlet gas for oxygen and C0 2 
production. Figure 17.2 shows the typical response from an MEA with a carbon- 
supported PtRu anode. In this case, the cathode reaction and the cathode potential 
remain unchanged and the change in cell voltage reflects the anode potential. As 
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the anode is starved of fuel the anode potential increases until water electrolysis 
occurs (assuming water is available) (Equation 17.5). Figure 17.2 shows that at 40 
mA cnf 2 , this corresponds to a cell voltage of-0.6 V. After falling quickly to -0.6 
V, the cell voltage gradually decays to -0.9 V, corresponding to an anode potential 
of+1.4 to +1.7 V (vs. RHE). That the resulting water electrolysis plateau in Figure 
17.2 is due to Equation 17.5 was confirmed by the high current efficiency for 
oxygen evolution. At such a high anode potential, a small degree of carbon 
corrosion (Equation 17.6) accompanies water electrolysis, as shown in Figure 17.2 
by the small quantity of C0 2 detected in the anode outlet gas. 



Figure 17.2. The change in the cell voltage at 40 mA cm 2 and the rate of oxygen and C0 2 
produced at an MEA during voltage reversal due to fuel starvation. The anode is prepared 
from 20 wt% Pt, 10 wt% Ru/Shawinigan at a loading of 0.25 mg Pt cm 2 . The cathode uses 
Pt black at a loading of 4.0 mgPt cm 2 . The MEAs are based on catalyzed substrates bonded 
to Nafion NE-1135 membrane. Operating conditions: nitrogen (at the anode, replicating fuel 
starvation)/air, 200/200 kPa, 1.5/2 stoichiometry. The oxygen and CO? were detected in the 
anode outlet gas using gas chromatography [17]. (Reprinted from Ralph TR, Elogarth MP. 
Catalysis for low temperature fuel cells, part II: the anode challenges, Plat Met Rev 
2002;46(3): 117-35. With permission from Platinum Metals Review.) 

If the supply of water to the anode electrocatalyst inns out or if the Pt-based 
anode electrocatalyst is deactivated for water electrolysis, the cell voltage moves to 
more negative potentials. Figure 17.2 shows a carbon corrosion plateau as the cell 
voltage reaches -1.4 V, corresponding to an anode potential of +2.1 V (vs. RHE). 
At this stage the current is sustained increasingly by carbon corrosion rather than 
by water electrolysis, as shown in Figure 17.2 by the increase in the rate of C0 2 
production and the decrease in the rate of oxygen production in the anode chamber. 
Significant irreversible damage to the MEA occurs since the anode electrocatalyst 
carbon support, the anode gas diffusion substrate and the anode flow field plate (if 




Reversal-tolerant Catalyst Layers 841 


carbon-based) all corrode. After a few minutes in this condition the MEA is 
normally electrically shorted due to the significant amount of heat generated in the 
membrane. 

It can be seen that the voltage of a fuel cell experiencing fuel starvation is 
generally much lower than that of a fuel cell receiving insufficient oxidant. During 
reversal from fuel starvation, the cell voltage ranges around -1 V when most of the 
current is carried by water electrolysis. However, when electrolysis cannot sustain 
the current (for example, if the supply of water inns out or is inaccessible), the cell 
voltage can drop substantially (to much less than -1 V) and is theoretically limited 
only by the voltage of the remaining cells in the series stack. Current is then carried 
by corrosion reactions of the anode components or through electrical shorts, 
including dielectric breakdown of the membrane electrolyte, which may develop as 
a result. Additionally, the cell may dry out, leading to very high ionic resistance 
and further heating. The impedance of the reversed cell may increase such that the 
cell is unable to carry the current provided by the other cells in the stack, thereby 
further reducing the output power provided by the stack. 

Fuel starvation can arise when there is severe water flooding at the anode, fuel 
supply problems, and the like. Such conditions then lead to high-magnitude voltage 
reversals (i.e., the cell voltage can drop to less than -1 V) with oxygen being 
produced at the anode. Significant heat may again be generated in the reversed cell. 
These effects raise more serious reliability concerns than in an oxidant starvation 
condition. Very high potentials may be experienced at the anode, thereby posing a 
serious concern about anode corrosion and hence, reliability. 



Time / see 


Figure 17.3. The time-dependent changes of the anode and cathode potential during the cell 
voltage reversal experiment [19]. (Reprinted from Journal of Power Sources, 130(1-2), 
Taniguchi A, Akita T, Yasuda K, Miyazaki Y, Analysis of electrocatalyst degradation in 
PEMFC caused by cell reversal during fuel starvation, 42-9, ©2004, with permission from 
Elsevier.) 
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The potential change of the cell terminal voltage and individual electrodes 
during the cell voltage reversal experiment can be measured using a reference 
electrode [19]. The typical time-dependent change of the cell terminal voltage 
during an experiment is shown in Figure 17.3. In addition, this figure shows the 
time-dependent change of the anode and cathode potentials versus RHE. It was 
observed that the cell terminal voltage rapidly dropped to a negative voltage and 
the MEA changed polarity due to cell voltage reversal as soon as the experiment 
started. After this initial rapid drop, the cell voltage showed a steady decrease with 
time. Cell voltage reversal occurred when the anode potential increased and 
became more positive than the cathode potential. As soon as the experiment began, 
the anode potential quickly increased to nearly 1.5 V and water electrolysis 
occurred because the anode was starved of fuel [17], consistent with what has been 
described previously [12]. 

17.2.3 Electrocatalyst Degradation in PEM Fuel Cells Caused by Cell Voltage 
Reversal During Fuel Starvation 

Various circumstances can result in a fuel cell being driven into voltage reversal by 
other cells in the series stack. Irreversible damage to the MEAs may be caused by 
such cell voltage reversal incidents. The most damaging source of cell voltage 
reversal is reactant starvation, an inadequate supply of fuel to the MEA at the 
anode [17]. There are some reports about a reactant starvation problem in the 
phosphoric acid fuel cell (PAFC) [20-22]. In the early 1990s, Mitsuda and 
Murahashi studied the changes in the electrode potential in the plane of the PAFC 
under reactant starvation conditions, for the Moonlight Project in Japan. This work 
made it clear that there is a polarization distribution in the horizontal plane of 
PAFC electrodes, by experiment using a single cell equipped with multi-reference 
electrodes [21, 22]. As for the PEMFC, Sanyo Electric reported performance 
degradation caused by reactant starvation in a national R&D project on PEM fuel 
cells [23]. 


4H f 



Degradation of carbon 
Loss of Pt/Ru 


Figure 17.4. Schematic representation of degradation of carbon catalyst support during 
operation in the absence of fuel [18], (Reprinted from Journal of Power Sources, 127(1-2), 
Knights SD, Colbow KM, St-Pierre J, Wilkinson DP, Aging mechanisms and lifetime of 
PEFC and DMFC, 127-34, ©2004, with permission from Elsevier.) 
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Most current technology development is focused on the use of platinum (or 
platinum and ruthenium) supported on carbon particles, in order to reduce the 
amount of platinum required on the anode down to 0.05-0.45 mg cnf 2 , as 
described in [10]. These types of anodes are prone to degradation during fuel 
starvation due to the reaction in Equation 17.6, the oxidation of carbon, which is 
catalyzed by the presence of platinum [11]. This reaction proceeds at an 
appreciable rate at the electrode potentials required to electrolyze water in the 
presence of platinum (greater than approximately 1.4 V [24). This is shown 
schematically in Figure 17.4. The catalyst support is converted to C0 2 , and Pt 
and/or Ru particles may be lost from the electrode, resulting in loss of 
performance. 


90 
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Figure 17.5. The dependence of the Pt ratio to Ru, Pt/(Ru + Pt), of the anode catalyst layer 
after the cell voltage reversal experiment for 2 min, determined by EDX on the sample 
location [19], (Reprinted from Journal of Power Sources, 130(1-2), Taniguchi A, Akita T, 
Yasuda K, Miyazaki Y, Analysis of electrocatalyst degradation in PEMFC caused by cell 
reversal during fuel starvation, 42-9, ©2004, with permission from Elsevier.) 

The damage to the electrocatalyst caused by cell voltage reversal during PEM 
fuel cell operation with fuel starvation was investigated by Taniguchi et al. [19]. 
The samples from degraded MEAs were characterized. Chemical analysis of the 
anode catalyst layer of MEA samples by energy dispersive X-ray analysis (EDX) 
was used to demonstrate ruthenium dissolution from the anode catalyst particles. 
The relative changes in the Pt:Ru ratio before and after the cell voltage reversal 
experiment provided information to assess the anode catalyst degradation. The 
change in the Pt:Ru ratio, Pt/(Ru + Pt), of the PEMFC anode plane under cell 
voltage reversal for 2 min is shown in Figure 17.5. A significant decrease in the Ru 
content was detected in the region located near the fuel outlet area. The platinum 
ratio increased from the fuel inlet region to the fuel outlet region, as shown in this 
figure. In the anode of PEM fuel cells operated on reformed gas for practical use, 
the hydrogen concentration downstream is significantly reduced compared with 
that upstream. This change indicates that the region where fuel starvation occurs 
suffers severely from degradation in the anode plane. Figure 17.6 shows the 
relative changes in the Pt:Ru ratio, Pt/(Ru+Pt), near the fuel outlet region before 
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and after the cell voltage reversal experiment, at different times. It was observed 
that the platinum ratio of the anode catalyst layer clearly increased after cell 
voltage reversal. The Pt:Ru ratio of the anode catalyst layer was also measured 
using X-ray photoelectron spectroscopy (XPS), as shown in this figure. Strictly 
speaking, the XPS measurement might not reflect the status of the interface 
between the catalyst layer and membrane, which is the most important 
electrochemical reaction zone [25], because the measurement was taken on the 
back surface of the catalyst layer. However, the results were similar to those 
measured by EDX. The values for degraded samples measured by XPS were 
slightly higher than those measured by EDX. Although nearly bulk information 
about the catalytic active particles can be obtained by XPS, since the particle size 
is very small, the higher Pt ratio measured by XPS possibly suggests a Pt surface- 
rich composition of catalyst particles. 
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Figure 17.6. The relative changes in the Pt ratio to Ru, Pt/(Ru + Pt), near the fuel outlet 
region before and after the cell voltage reversal experiment at different times, determined by 
EDX and XPS [19]. (Reprinted from Journal of Power Sources, 130(1-2), Taniguchi A, 
Akita T, Yasuda K, Miyazaki Y, Analysis of electrocatalyst degradation in PEMFC caused 
by cell reversal during fuel starvation, 42-9, ©2004, with pennission from Elsevier.) 

A reduced carbon monoxide (CO) tolerance was found by CO-stripping 
voltammetry and measurement of deteriorated fuel cell performance. Figure 17.7 
shows I—V curves of the cell after different experimental periods during the cell 
voltage reversal test. These curves were measured under the condition of enough 
hydrogen fuel containing 50 ppm CO being supplied. The original performance of 
the cell was lowered by increasing the experimental time. Notably, the 
performance of the cell after cell voltage reversal for 7 min showed the typical 
form of anode CO poisoning [26]. This kind of degradation behavior suggests 
deterioration of CO tolerance by the anode catalyst. The effect on the cathode was 
also evaluated via the I—V curves, under the condition of enough pure hydrogen 
fuel being supplied, before and after the cell voltage reversal experiment, for 10 
min. A performance loss due to the cell voltage reversal was also observed, which 




Reversal-tolerant Catalyst Layers 845 


was attributed to the degradation of the cathode catalyst, as in the case of pure 
hydrogen fuel, the anode overpotential is negligible when Pt or PtRu is the anode 
catalyst [27]. 



Figure 17.7. The change in current-voltage performance of a PEMFC by the cell voltage 
reversal experiment: (a) before experiment; (b) after experiment for 3 min; and (c) after 
experiment for 7 min [19], (Reprinted from Journal of Power Sources, 130(1-2), Taniguchi 
A, Akita T, Yasuda K, Miyazaki Y, Analysis of electrocatalyst degradation in PEMFC 
caused by cell reversal during fuel starvation, 42-9, ©2004, with pennission from Elsevier.) 

Surface area loss of cathode platinum due to catalyst agglomeration was also 
detected by transmission electron microscopy (TEM) analysis and cyclic 
voltammetry. The behaviors of both electrodes were measured and anode 
degradation could be attributed to the high anode potential. Fuel starvation caused 
severe and permanent damage to the electrocatalysts of the PEMFC. 


17.3 Development of Reversal-tolerant Catalyst Layers 

The adverse effects of voltage reversal can be prevented, for instance by 
employing diodes [28] capable of carrying the current across each individual fuel 
cell or by monitoring the voltage of each individual fuel cell and shutting down an 
affected cell if a low voltage situation is detected. Flowever, given the total number 
of individual cells in a fuel cell stack, such approaches can be quite complex and 
expensive to implement. Alternatively, other conditions associated with voltage 
reversal may be monitored instead and appropriate corrective action taken if 
reversal conditions are detected. For instance, a specially constructed sensor cell 
[29] may be employed that is more sensitive than other cells in the stack to certain 
conditions leading to voltage reversal (for example, fuel starvation of the stack). 
Thus, instead of monitoring every cell in a stack, only the sensor cell need be 
monitored and used to prevent widespread cell voltage reversal under such 
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conditions. However, other conditions leading to voltage reversal may exist that a 
sensor cell cannot detect (for example, a defective individual cell in the stack). 
Another approach is to employ exhaust gas monitors that detect voltage reversal by 
detecting the presence of, or abnormal amounts of, species in an exhaust gas of a 
fuel cell stack that originate from reactions that occur during reversal [30]. While 
exhaust gas monitors can detect a reversal condition occurring within cells in a 
stack and they may suggest the cause of the reversal, such monitors do not identity 
specific problem cells and they do not generally provide any warning of an 
impending voltage reversal. 

Instead of or in combination with the preceding, a catalyst layer design 
approach may be preferred such that, in the event that reversal does occur, the fuel 
cells are either more tolerant to the reversal or are controlled in such a way that 
degradation of any critical component is reduced. Such an approach may be 
particularly preferred if the conditions leading to reversal are temporary. If the 
cells can be made more tolerant to voltage reversal, it may not be necessary to 
detect for reversal and/or shutdown the fuel cell system during a temporary 
reversal period. The results that demonstrated significantly improved cell voltage 
reversal tolerance, without compromising performance, are reported here. 

17.3.1 Reversal Tolerance Cathode Catalyst Layer 

Water management is one of the critical issues to be solved in the design and 
operation of PEM fuel cells. Water is produced at the cathode of PEMFCs. If water 
is not removed effectively, it accumulates at the cathode of the fuel cell, causing 
electrode flooding. The consequence is oxygen starvation, thus increasing the 
concentration overpotential of the cathode. In the worst scenarios, a proton (H 1 ) 
reduction reaction, instead of the oxygen reduction reaction (ORR), might occur at 
the cathode. Not only will this cause a cathode potential drop, but also the output 
voltage of a single cell would likely be reversed due to oxygen starvation. 
Particularly in the case of small fuel cells operated at room temperature, water 
flooding may appear [31]. If active control of water management cannot be 
guaranteed due to the size and power demands of the auxiliary equipment, passive 
possibilities of intervention are required. One alternative is to manipulate the 
characteristics of the used diffusion or backing layers [31, 32]. 

To study and resolve the voltage reversal problem, a Mn0 2 -Pt/C composite 
electrode was used by Wei et al. [33] to replace the conventional Pt/C electrode. 
This choice was based upon the fact that the electrochemical reduction of Mn0 2 
has almost the same Nernstian potential as the ORR, as shown below: 

Mn0 2 + 4H + + 2e~ = Mn 2 + + 2H 2 0 (E 0 = 1.23 V) (17.7) 

The reaction in Equation 17.7 can replace the ORR in the case of oxygen 
starvation. Thus, the voltage reversal effect (VRE) resulting from the proton 
reduction reaction (PRR) could be avoided without the use of a fan to scavenge the 
excess water. Two environments, N 2 - and 0 2 -saturated H 2 S0 4 , were adopted to 
simulate two cases, i.e., 0 2 starvation and 0 2 richness. It was found that Mn0 2 - 
Pt/C can prevent the voltage reversal effect to a certain extent. In a N 2 -saturated 
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1M H 2 SO 4 solution, the current density of the Pt/C electrode, made of 0.6 mg Pt 
cm 2 .was close to 0, while for the Mn0 2 -Pt/C composite electrode, made of 0.4 mg 
Pt cm 2 and 0.8 mg Mn0 2 cm 2 , it was as high as 10 mA cm 2 . Though the current 
generated on the Mn0 2 -Pt/C composite electrode in the case of oxygen starvation 
is not as great as that in the case when it is oxygen rich, the current might be high 
enough for some applications, such as powering a radio, hearing-aid, and such-like 
miniature devices. This illustrates that the introduction of Mn0 2 into the Pt/C 
catalyst not only can alleviate, to a certain extent, the voltage reversal problem in 
the case of oxygen starvation, but also can play a synergistic role with Pt/C in the 
catalysis of the ORR, in oxygen-rich conditions. In an 0 2 -saturated 1 M H 2 S 04 
solution, the Mn0 2 in a Mn0 2 -Pt/C composite electrode primarily plays a catalytic 
role in the ORR by enhancing the catalytic behavior of Pt for the ORR. The 
impedance spectra of Mn0 2 -Pt/C and Pt/C electrodes were carried out for the two 
gases in bubbled electrolyte, which further confirmed that Mn0 2 in the composite 
electrode does substitute for oxygen as an electron-acceptor in the case of oxygen 
starvation. The discharged Mn0 2 can then be restored to its initial state, regardless 
of whether it is in oxygen-rich or starved conditions. 

17.3.2 Reversal Tolerance Anode Catalyst Layer 

During voltage reversal, electrochemical reactions may occur that result in the 
degradation of certain components in the affected fuel cell. Depending on the 
reason for the voltage reversal, there can be a rise in the absolute potential of a fuel 
cell anode. This can occur, for instance, when the cause is an inadequate supply of 
fuel (that is, fuel starvation). During such a reversal in a solid polymer fuel cell, 
water present at the anode may be electrolyzed. When significant water electrolysis 
occurs, the fuel cell voltage typically remains above about -1 V, but this voltage 
depends on several variables, including the amount of water present, the amount of 
fuel present, the current drawn, and the temperature. It is preferable to have 
electrolysis occur rather than component oxidation. When water electrolysis 
reactions at the anode cannot keep up with the current forced through the cell, the 
absolute potential of the anode can rise to a point where oxidation (corrosion) of 
anode components takes place, typically irreversibly degrading the components. 
Therefore, a solid polymer fuel cell can be made more tolerant to voltage reversal 
by increasing the amount of water available for electrolysis during reversal, 
thereby channeling the current forced through the cell into the more innocuous 
electrolysis of water rather than the detrimental oxidation of anode components. By 
increasing the amount of water in the vicinity of the anode catalyst during normal 
operation, more water is available at the anode catalyst in the event of a reversal. 
Thus, modifications to the anode structure that result in more water being present 
at the anode catalyst during normal operation lead to improved tolerance to voltage 
reversal. In addition to enhancing the presence of water at the anode through 
modifications to the anode structure, a PEM fuel cell can be made more tolerant to 
voltage reversal by incorporating an additional catalyst, a water electrolysis 
catalyst, at the anode to promote the electrolysis of water. In these ways, more of 
the current being forced through the cell is consumed by the electrolysis of water 
than by the oxidation of the anode components. 
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17.3.2.1 Enhancing the Presence of Water at the Anode 

In a typical PEM fuel cell, water generated at the cathode diffuses through the 
polymer membrane to the anode. Restricting the passage of this water through the 
anode structure and into the exhaust fuel stream means more water remains in the 
vicinity of the catalyst. This can be accomplished, for example, by making the 
anode catalyst layer or an anode sublayer impede the flow of water (in either vapor 
or liquid phase) [17, 18, 30]. For instance, adding a hydrophobic material such as 
polytetrafluoroethylene (PTFE) to either of these layers makes them more 
hydrophobic, thereby hindering the flow of water through the anode. Figure 17.8 
shows the benefit of adding PTFE to the anode catalyst layer to enhance the 
voltage reversal tolerance. The cell voltage response over time of different four¬ 
cell stacks with different anode designs is also shown. Each stack was subjected to 
fuel starvation conditions through an equivalent number of cycles, then finally 
starved of hydrogen and allowed to go into voltage reversal until an average cell 
voltage of -2 V was reached. The length of time the cells operated prior to 
reaching -2 V is a measure of robustness to fuel starvation. Addition of PTFE into 
the anode catalyst layer extended the reversal time to more than 20 minutes from 
less than 5 minutes. The reversal tolerance was improved more than 4 times simply 
by the addition of PTFE into the anode catalyst layer. 
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Figure 17.8. Comparison of different anode structures in severe failure testing. Each cell has 
an equivalent cathode (~0.7 mg cm 2 Pt, supported on carbon). Testing was conducted at 
200 mA cm 2 with fully humidified nitrogen on the anode. Anode loading was ~0.3 mg cm 2 
Pt supported on carbon (varied materials and compositions). Each curve represents the 
results from a 4-cell stack, each cell of identical composition. Four separate stack tests were 
run to generate the curves [18], (Reprinted from Journal of Power Sources, 127(1-2), 
Knights SD, Colbow KM, St-Pierre J, Wilkinson DP, Aging mechanisms and lifetime of 
PEFC and DMFC, 127-34, ©2004, with permission from Elsevier.) 
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Alternatively, other additives (for example, graphite, other carbons, or titanium 
oxide powders) may be employed to reduce the porosity of either layer, thereby 
impeding the flow of water through the anode. It may be advantageous to employ a 
porosity-reducing additive mixture of polytetrafluoroethylene and acetylene carbon 
black, in which the anode catalyst layer comprises between about 12% and 32% by 
weight of polytetrafluoroethylene and between about 0.03 and 0.2 mg cnf 2 of 
acetylene carbon black. 

Another approach for increasing the amount of water in the anode catalyst layer 
is to boost the water content in the catalyst layer components. A conventional 
catalyst layer, for instance, may contain up to 30% by weight amount of fully 
hydrated perfluorosulfonic ionomer. Thus, an increase in water content can be 
accomplished by increasing the amount of the water-containing ionomer used in 
the catalyst layer or by employing a different ionomer with higher water content. 
Alternatively, more hygroscopic materials may be incorporated into the anode 
catalyst layer to retain more water therein. 

The present approach makes fuel cells more tolerant to voltage reversal by 
facilitating water electrolysis at the anode during reversal, through providing 
sufficient water at the anode. It is thus an advantageous method in situations where 
electrolyzing more water is beneficial (for example, during a fuel starvation 
condition not caused by water flooding at the anode). Further, it is primarily 
advantageous for fuel cells operating directly on gaseous fuels. This is because 
liquid feed fuel cells typically employ an aqueous fuel mixture containing an 
abundance of water and thus an ample supply is generally already available to the 
anode during normal operation. 

173.2.2 Using a More Corrosion-resistant Catalyst Support 
As shown in Reaction 17.6, carbon corrosion is one of key causes of failure during 
voltage reversal. Using a more robust catalyst support (e.g., more graphitic carbon 
or non-carbon support materials) is beneficial for impeding or eliminating 
component degradation [14, 15, 18]. Figure 17.8 shows that using more graphitic 
carbon support increases the extended reversal time from -20 minutes to 75 
minutes. A more than three-fold improvement of voltage reversal tolerance was 
thus achieved. 

It was also found that increasing catalyst coverage on the support to reduce the 
contact of carbon with reactants (e.g., using a higher weight percentage Pt on the 
carbon) [12, 13, 30, 34] is also an effective way to retard carbon corrosion. Figure 
17.9 shows the cell voltage of 10-cell stacks with 2 different anode structures as a 
function of time during pulse reversal testing. The cells were subjected to current 
pulses (200 mA cnf 2 ) while operating on nitrogen and air. The pulse testing 
consisted of three sets of 30x on/off pulses. With the anode catalyst layer 
comprised of 40% Pt/20% Ru on more graphitic carbon support, the cell voltage 
was the same across all the 30 x on/off reversal pulses (~0.8 V, at which voltage 
nearly all the current was consumed by water electrolysis - see Figures 17.2 and 
17.3). In contrast, the anode structure consisting of 20% Pt/10% Ru on Vulcan 
carbon support reached -2 V at the last pulse. As has been pointed out (Figure 
17.2), MEA failure occurs when the cell voltage reaches -2 V. 
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Figure 17.9. Cell voltage as a function of time during pulse reversal testing at 200 mA cm 1 
17.3.23 Addition of Water Electrolysis Catalyst 

In addition to enhancing the presence of water at the anode through modifications 
to the anode structure, a PEM fuel cell can be made more tolerant to voltage 
reversal by incorporating an additional catalyst, a water electrolysis (oxygen 
evolution reaction, OER) catalyst, at the anode to promote the electrolysis of water 
[14-16, 18]. In this way, more of the current forced through the cell may be 
consumed by the electrolysis of water than by the oxidation of the anode 
components. In a reversal-tolerant fuel cell, the anode comprises a first catalyst 
composition for evolving protons from the fuel and a second catalyst composition 
for water electrolysis. 

Noble metal oxides as electrocatalysts (particularly IrO? and Ru0 2 or their 
mixtures - numerous investigations are concerned with oxides of rutile structure 
[35-40]) are well established in many industrial electrochemical processes in the 
form of dimensionally stable anodes (DSA), as developed by Beer [41]. Ru0 2 has 
exhibited excellent activity in both Cl 2 and 0 2 evolutions. The Tafel slope for 0 2 
evolution is only 0.031-0.041 V dec 1 in the low-potential region and 0.042-0.066 
V dec -1 in the high-potential region [42, 43]. Unfortunately, Ru0 2 and Ru0 2 -Ti0 2 , 
the latter widely used in the chlorine-alkali industry, are not stable for 0 2 evolution 
in acidic environments, as their service lives are under 4 h at a current density of 
0.5 A cnf 2 in 0.25-0.5 M H 2 S0 4 solutions [44, 45], The electrochemical stability 
of these electrodes is significantly improved by selecting proper dispersing agents. 
Burke and McCarthy [46] increased the service life of the electrode by a factor of 
5.3 through adding 20 molar percent of Zr0 2 to the Ru0 2 layer. Iwakura and 
Sakamoto [45] studied the effect of adding Sn0 2 to Ru0 2 and found that the 
electrode with a molar ratio of Ru:Sn = 30:70 had a service life of about 12 h, four 
times longer than that of the pure Ru0 2 -coated electrode, under accelerated life test 
conditions (0.5 A cnf 2 , 0.5 M H 2 S0 4 , 30 °C). Investigation of Ru0 2 -based DSA 
for oxygen evolution has continued in recent years. Oxide mixtures of interest 
include Ru0 2 -Nb 2 0 5 [47], Ru0 2 -Pb0 2 [48, 49], and Ru0 2 -Co 3 0 4 [50]. Despite 
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their good activity for oxygen evolution, none of them has a service life over 20 h 
in accelerated life tests. Obviously, these electrocatalysts lack sufficient stability 
for industrial applications. The poor electrochemical stability of Ru02-based DSA 
for 0 2 evolution is principally due to the easy conversion of ruthenium from stable 
dioxide into unstable tetraoxide at a high electrical potential [51]. 

Recently, IrCf-bascd materials have been examined for the anode or oxygen 
evolution electrode by Tunold et al. [52-55]. Most DSA electrodes are prepared by 
the thermal decomposition of metal precursors onto titanium substrates. This 
method is thought to be unsuitable for PEM water electrolyzers due to the 
difficulty of achieving good contact between the electrocatalytic layer and the 
membrane electrolyte. Therefore, to obtain an electrocatalytic layer on the 
membrane, either pre-prepared powders may be applied as an ink to the membrane 
[56, 57] or electrocatalytic particles can be synthesized directly on the surface or 
within the membrane [58, 59]. Many methods are available for the synthesis of 
noble metal-based oxides. The Adams fusion method [60] has been widely used to 
produce fine noble metal oxide powders [52-54, 61], and is based on the oxidation 
of metal precursors in a molten nitrate melt. Sol-gel methods have also proven 
useful in producing noble metal-based oxides [62-66], however, the precursor type 
can affect the properties of the material [66], as can the solvent removal stage [67]. 
Preparation of metal oxides by thermal or chemical oxidation of metallic colloids is 
an interesting concept as there exists a wide range of methods to synthesize such 
colloids [68, 69]. The polyol method is a relatively simple way to synthesize 
nanosized noble metal colloids such as iridium or ruthenium by the reduction of 
metal precursors in ethylene glycol [70, 71]. Additional steps include the 
separation of the metallic colloids from the ethylene glycol by centrifugation, 
followed by thermal oxidation in air at elevated temperatures. 

Previously it has been shown that Sn0 2 improves the stability of Ir0 2 -Ru0 2 
anodes in PEM water electrolyzers [61]. It has also been suggested that Sn0 2 does 
not reduce the activity of Ru0 2 as much as TiCL does [72]. For these reasons, the 
addition of Sn0 2 to Ir0 2 has been investigated by Tunold et al. [73], In their 
previous work [74, 75], Chen et al. developed a stable ternary Ir0 2 -Sb 2 0 5 -Sn0 2 
electrocatalyst for 0 2 evolution. In this oxide mixture, Ir0 2 serves as the catalyst 
for 0 2 evolution, Sn0 2 as the dispersing agent, and Sb 2 0 5 as the dopant for 
conductivity improvement. The service life of a Ti/Ir0 2 -Sn0 2 -Sb 2 0 5 electrode 
containing only 10 molar percent of Ir0 2 in the oxide coating is as high as 1600 h 
at a current density of 1 A cnf 2 in a 3 M EESO4 solution. Recently, they extended 
their investigation to Ru0 2 -Sb 2 0 5 -Sn0 2 [76] because Ru is much cheaper and 
more active than Ir in oxygen evolution. In this ternary oxide coating, Ru0 2 serves 
as the catalyst, Sn0 2 as the dispersing agent, and Sb 2 0 5 as the dopant. The 
accelerated life test showed that the Ti/Ru 0 2 -Sb 2 05 -Sn 0 2 electrode containing 
12.2 molar percent of Ru0 2 nominally in the coating had a service life of 307 h in 
3 M EESO4 solution under a current density of 0.5A cnf 2 at 25 °C, which is more 
than 15 times longer than other types of Ru0 2 -based electrodes. Instrumental 
analysis indicated that Ru 0 2 -Sb 2 05 -Sn 0 2 was a solid solution with a compact 
structure, which contributed to the stable nature of the electrode. Since both Sn0 2 
and Sb 2 0 5 are very stable chemically, the homogeneous mixing of Ru0 2 with Sn0 2 
and Sb 2 0 5 by forming a solid solution decreases the rate of Ru0 2 dissolution. This 
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leads to a significant increase in the electrode service life. In addition, the R 11 O 2 - 
SnCf-SbjOs film has a compact structure, which further enhances the electrode 
stability. Their experimental results showed that Ru 02 -Sb? 05 -Sn 02 can be a very 
active and stable electrode for 0 2 evolution. Using mixed oxides to improve the 
electrocatalytic properties and the stability/selectivity of the electrode has been the 
target of many studies [37, 38, 77-80]. De Faria et al. [81] demonstrated that 
partial substitution of TiCf by CeC >2 in a RuCf-based electrode material improves 
the electrocatalytic activity for OER, but decreases the mechanical stability of the 
mixture. In a recent paper [82], Santana et al. reported the surface properties of the 
Ru0 2 + Ti0 2 + Ce0 2 + Nb 2 05 system and showed the instability caused by Ce0 2 
can be reduced introducing a small content. They also systematically 

investigated the electrocatalytic properties of [RuojTio.eCe^o.i-xjCMlSTbOs]^) with 
(0 < x < 0.1) for OER (and the chlorine evolution reaction) and the stability of 
these oxide electrodes throughout the experiments [83]. For oxygen evolution a 30 
mV Tafel slope was obtained in the presence of Ce02, while in its absence a 40 
mV coefficient was observed. The intrinsic electrocatalytic activity is mainly due 
to electronic factors that result from synergism between the Ru and Ce oxides. The 
highest global electrocatalytic activity observed for higher CeC >2 contents is 
attributed to electronic and geometric factors, while the tine electrocatalytic 
activity depends on the electronic factor. The electrode stability is closely related 
to the composition. Comparison of the anodic voltammetric charges obtained 
before and after each set of experiments does not support significant electrode wear 
during the OER. The higher the Ce02 content, the less stable the coating, which is 
probably related to the coating fragility of the porous structure formed by the 
Ce02-containing oxide mixture. On the other hand, introduction of ISThOs causes a 
stabilization of the oxide mixture by forming a more compact layer. 

Nanocrystalline oxide powders of the type IiySni-T’f (0.2 < x < 1) have been 
produced and characterized, primarily for use as oxygen evolution electrocatalysts 
in proton exchange membrane (PEM) water electrolyzers [73]. Two methods were 
used: the modified polyol method and the Adams fusion method. X-ray diffraction 
analysis suggests that an iridium-tin oxide solid solution with a rutile structure can 
be produced using the modified polyol method, with a linear relationship between 
lattice parameters and composition. The crystal size of the solid solution phase is 
below 15 nm for all compositions, indicating that the addition of tin also causes the 
average crystal size to increase from around 3.5 to 15 nm. The Adams fusion 
method resulted in at least two separate oxide phases, namely a tin-rich oxide and 
an iridium-rich oxide. X-ray photoelectron spectroscopy (XPS) analysis revealed 
no significant difference between the bulk and surface compositions, and showed 
that the iridium was present in at least two valent states. The electrical resistivity of 
the powders was compared, and an exponential increase in resistivity with tin 
addition was found. Overall, the resistivity measurements suggest that the limit for 
tin addition is around 50-60 mol% due to the high ohmic losses expected at higher 
tin contents in a PEM water electrolyzer. 

Many studies pertaining to water electrolysis electrocatalysis in regenerative 
fuel cells have been published. The catalytic materials used are in general metal 
alloys and oxides. More recent studies have shown that Pflri (numbers in 
subscripts indicate atomic ratios) or 50% Pt/50% Ir0 2 (wt%) can be used in 



Reversal-tolerant Catalyst Layers 853 


regenerative fuel cells. Reasonable efficiencies and lifetimes were achieved [84- 
86]. Other studies have shown that Rh/Ru (l:l)-oxide and Ir/Rh (l:2)-oxide are 
also promising oxygen electrode catalysts in regenerative fuel cells. Chen et al. 
[87] showed that combinatorial discovery can be used to identify better dual-use 
catalysts, by superimposing activity maps to create a consensus map. Because the 
combinatorial method provides activity data for the entire composition space, it is 
more straightforwardly adapted to this task than other systematic optimization 
methods. Electrode arrays containing 715 unique combinations of five elements 
(Pt, Ru, Os, Ir, and Rh) were prepared by them via borohydride reaction of aqueous 
metal salts, and were screened for activity as oxygen reduction and water oxidation 
catalysts. Using a consensus map, catalysts that showed high activity for both 
reactions and good resistance to anodic corrosion were identified in the Pt-Ru-rich 
region of the Pt-Ru-Ir ternary. The ternary catalyst Pt 45 Ru 4 Ir 05 is significantly 
more active than the PtjIr bifimctional catalyst for both the water oxidation and 
oxygen reduction reactions. While the best ternary catalyst is close to Ptilri in 
composition, the latter is unstable with respect to anodic corrosion. A detailed 
kinetic comparison of the anodically stable catalysts Pt 45 Ru 4 Ir 0 5 and Ptilr, showed 
that the addition of the oxophilic element Ru increases the reaction rate by 
stabilizing S-0 bonds (S = surface atom] and accelerating the oxidative 
deprotonation of S-OH groups. The pH dependence of the electrode kinetics was 
particularly useful in determining that the difference arises from stabilization of 
surface oxide species, which accelerates the oxidative deprotonation of surface OH 
groups. 

To improve voltage reversal tolerance of PEM fuel cells, water electrolysis 
catalysts have been incorporated into anode structures by Johnson Matthey and 
Ballard Power Systems [12-17]. In such a reversal-tolerant fuel cell, the anode 
comprises a first catalyst composition for evolving protons from the fuel and a 
second catalyst composition for water electrolysis. 

The second catalyst composition is incorporated for the purposes of 
electrolyzing water at the anode during voltage reversal situations. Preferred 
compositions thus include precious metal oxides, particularly those in the group 
consisting of ruthenium oxide and iridium oxide. Such oxides are characterized by 
the chemical formulae RuO x and IrO x , where x is greater than 1 and particularly 
about 2. Preferred compositions may also comprise mixtures and solid solutions of 
precious metal oxides, or mixtures and solid solutions of precious metal oxides and 
valve metal oxides, such as TiO y (where y is less than or about equal to 2), for 
example. 

Figure 17.10 shows the performance in Ballard stack hardware of three 
different cell-reversal-tolerant electrocatalysts prepared by Johnson Matthey. In 
this case the MEAs have received significant prior cell-reversal periods to drive the 
anodes to the limit of their tolerance. The impact that inclusion of a water 
electrolysis electrocatalyst has on the ability of the anode to sustain water 
electrolysis is evident. At the standard 40 wt% Pt, 20 wt% Ru/Shawinigan carbon 
black-based anode, the water electrolysis plateau is so short that it is difficult to 
detect. Only by using a cell reversal-tolerant electrocatalyst in the anode water 
electrolysis are plateaus evident in Figure 17.10. As a result, the degree of carbon 
corrosion is significantly reduced by the cell-reversal-tolerant electrocatalysts. The 
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typical PtRu anode electrocatalyst layer shows carbon corrosion after only 15 
seconds of operation under the final cell-reversal conditions of Figure 17.10. This 
is extended to 4.5 minutes by adding Ru0 2 to the electrocatalyst layer, to 24 
minutes using RuCVTiC^, and to 48 minutes with Ru0 2 /Ir0 2 in the anode layer. 
While the carbon corrosion plateaus are not clear in Figure 17.10, the relative rate 
of production of C0 2 and oxygen confirmed the time scale required for significant 
levels of carbon corrosion. The improvement in reversal tolerance by adding a 
water electrolysis catalyst to the anode structure has also been demonstrated in 
Figure 17.8. After this extended cell-reversal testing, returning the more cell- 
reversal-tolerant anodes (optimized for PEMFC operation) to normal fuel cell 
operation indicated that there was negligible loss in the MEA power output. This 
contrasts with MEA failure in the absence of the water electrolysis electrocatalyst. 
In addition, incorporation of the water electrolysis electrocatalyst in the favored 
anode structures adds very little extra pgm to the MEA (< 0.1 mg cm -2 ). Thus, this 
safeguard to the stack durability comes at little additional MEA cost. 



Figure 17.10. The change in cell voltage at 200 mA cm 2 during cell voltage reversal due to 
fuel starvation at a Pt 05 Ru 0 .5 alloy anode containing different water electrolysis 
electrocatalysts. The MEAs were first subjected to cell voltage reversal at 200 mA cm 2 for 
5 minutes, then for 3 sets of 30 pulses (10 seconds on, 10 seconds off) with 15-minute 
recovery periods on hydrogen/air, completed by a final overnight recovery period. The 
anode loading is 0.1 mg Pt cm 2 . The water electrolysis electrocatalysts were prepared from 
20 wt% Ru0 2 /Shawinigan, 20 wt% Ru0 2 , Ti0 2 /Shawinigan or 20 wt% Ru0 2 , 
Ir0 2 /Shawinigan and added at an anode loading of 0.1 mg Ru cm 2 [17]. (Reprinted from 
Ralph TR, Hogarth MP. Catalysis for low temperature fuel cells, part II: the anode 
challenges, Plat Met Rev 2002;46(3): 117-35. With permission from Platinum Metals 
Review.) 

Further voltage-reversal tolerance can be obtained by 1) employing a catalyst 
support that is more resistant to oxidative corrosion than conventional catalyst 
supports, 2) using certain anodes with a higher catalyst loading or coverage on a 
corrosion-resistant support, and 3) incorporating an additional or second catalyst 
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composition that promotes the electrolysis of water. A significant improvement in 
reversal tolerance (over 100 times greater than for a conventional anode) has been 
obtained by employing 2) and 3) [14-16]. Figure 17.11 shows the cell voltage 
during reversal testing (at 200 mA cnT 2 ) for different anode designs, where the 
time when the cell voltage reached -2 V was used as the criterion for reversal 
tolerance (see Figure 17.2). It can be seen from Figure 17.11 that improvement in 
reversal tolerance appeared with the incorporation of a second catalyst composition 
for the electrolysis of water (Ru0 2 was used here) to a conventional (e.g., Vulcan) 
carbon-supported Pt/Ru, used as a baseline design here (15 and 28 minutes, 
respectively, were spent when the cell voltage reached -2 V). When using a more 
corrosion-resistant catalyst support (e.g., Shawinigan) for Pt/Ru plus a second 
catalyst composition for the electrolysis of water (RuIrCL was used here), further 
improvement in reversal tolerance was demonstrated. With the increase of metal 
content on the Shawinigan support (40% Pt/20% Ru over 20% Pt/10% Ru, 
supported on Shawinigan, with the same platinum loading of the anode, even with 
no additional catalyst to promote water electrolysis), the improvement over the 
previous anode design was evident (it took 167 minutes to reach -2 V). The most 
significant improvement in reversal tolerance among all of the other anode designs 
was manifested when incorporating both a more corrosion-resistant catalyst (40% 
Pt/20% Ru supported on Shawinigan) and a second catalyst composition for the 
electrolysis of water (e.g., Rulr0 2 ). This design was operated under extended 
reversal conditions for 2515 minutes before the cell voltage reached -2 V (167 
times longer than the baseline design). Furthermore, this design demonstrated 
lower performance loss (less than 30 mV on air/H 2 ) than the other designs even 
though it was operated in reversal for a much longer time. 



1 10 100 1000 10000 100000 

Time/minute 

Figure 17.11. The change in cell voltage at 200 mA cm 2 during cell voltage reversal due to 
fuel starvation at different anode catalyst layer structures. The MEAs were first subjected to 
cell voltage reversal at 200 mA cm 2 for 5 minutes, then for 3 sets of 30 pulses (10 seconds 
on, 10 seconds off), with 15-minute recovery periods on hydrogen/air and a final overnight 
recovery period. 
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17.4 Conclusions 

An overview of cell voltage reversal due to reactant starvation has been presented. 
A major durability issue arises at the anode if the MEA is starved of fuel. Cell 
voltage reversal tolerance can be improved by 1) enhancing the water retention in 
the anode structure, 2) employing a catalyst support that is more resistant to 
oxidative corrosion than conventional catalyst supports, 3) using certain anodes 
with a higher catalyst loading or coverage on a corrosion-resistant support, and 4) 
incorporating a second or additional catalyst composition that promotes the 
electrolysis of water. A significant improvement in reversal tolerance (over 100 
times greater than that of a conventional anode) has been obtained by a 
combination of those strategies. 

It has been demonstrated that increased durability/reliability are possible 
without sacrificing performance, through the careful selection of appropriate 
materials. 

The use of reversal-tolerant cells has significant benefits for PEM fuel cell 
technology development: 

• significantly increases the reliability 

• much longer lifetime due to increased durability 

• excellent operational flexibility under a wide range of operating conditions. 
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High-temperature PEM Fuel Cell Catalysts and 
Catalyst Layers 


Chaojie Song, Rob Hui and Jiujun Zhang 


18.1 Opportunities and Challenges for High-temperature PEM 
Fuel Cells 

Proton exchange membrane fuel cells (PEMFCs), including direct methanol fuel 
cells (DMFCs), are considered one of the most promising types of energy 
converting devices due to their low/zero pollution emission, high power density, 
and high energy conversion efficiency. Flowever, commercialization faces several 
major technical challenges, the top three being high cost, unsatisfactory durability, 
and operational flexibility. The last several decades have witnessed great efforts to 
overcome these challenges. Operating a PEMFC at temperatures greater than 90 °C 
is one approach [1]. 

Fligh-temperature PEM fuel cells (FIT-PEMFCs) operated at > 90 °C are 
considered the next generation of fuel cell technology for cost reduction and 
reliability in terms of improved reaction kinetics, catalyst tolerance, heat rejection, 
and water management. Flowever, one of the main challenges hindering their 
success is material degradation, in particular degradation of the catalyst and 
membrane. 

In this chapter we will focus on catalysts and catalyst layers of HT-PEMFCs. 
To facilitate the discussion, the advantages and challenges of HT-PEMFCs are also 
discussed at the beginning of this chapter. We also present the current 
understanding of the degradation mechanism of catalysts at high temperatures. 
Finally, we review progress in HT-PEMFC catalysis and suggest future research 
directions. 

18.1.1 Advantages of High-temperature PEM Fuel Cells 

18.1.1.1 Improved Reaction Kinetics with Increasing Temperature [1,2] 

In a H 2 /0 2 (or air) PEMFC, the cathode reaction is the oxygen reduction reaction 
(ORR): 
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0 2 + 4H + + 4e~ <-» 2H 2 0 (i) 

The relationship between the cnrrent density and the overpotential is given by the 
following Equation 18.1: 
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where I c is the cathode current density, i° Q is the exchange current density for 
cathodic 0 2 reduction, n a0 is the number of electrons transferred in the rate 
determining step, a o is the electron transfer coefficient, F is the Faraday constant, 
R is the gas constant (8.314 .l.mol '.K '). and T is the temperature (K). 

r] c in Equation 18.1 is the cathodic overpotentials, and is expressed as E c r —E c , 
where E c ' is the thermodynamic electrode potentials (or reversible electrode 
potentials) for the cathodic (J 2 reduction reaction. 

For the anode hydrogen oxidation reaction (FIOR), 

H 2 <h> 2H + +2e~. (ii) 

The relationship between current density and overpotential is given by Equation 
18.2 


»,M a H F >L 

I a =i°H 2 (e RT -e RT ) (18.2) 

where I a is the anode current density while i° H is the exchange current density for 

anodic FI 2 oxidation. //„ can be expressed as E a -Ef, where EJ is the 
thermodynamic electrode potentials (or reversible electrode potentials) for anodic 
H 2 oxidation. n (lH is the number of electrons transferred in the rate determining 
step, a H is the electron transfer coefficient. 

The parameters of i° H , n aH , and a H for FI 2 oxidation, and i° Q n u0 , and a 0 

for 0 2 reduction can be obtained from experimental measurements based on 
Equations 18.1 and 18.2. 

In a fuel cell, the current density for both anode and cathode are equal. Thus I c 
in Equation 18.1 equals I a in Equation 18.2. Since the exchange current density of 
H 2 oxidation (10 4 A/cm 2 ) is significantly larger than that of 0 2 reduction (~10 9 
A/cm 2 ), the fuel cell reaction kinetics is mainly dominated by the 0 2 reduction 
reaction. 

Temperature Effect on the Exchange Current Density 

Increase in temperature leads to an increase in exchange current density. For both 
the H 2 oxidation and 0 2 reduction reactions, the exchange current density change 
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with temperature follows the Arrhenius Equations 18.3 and 18.4 for cathode and 
anode, respectively: 
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where I° 0 and I° H are the cathode and anode exchange current densities at infinite 
temperature, respectively, E° and E° a are the reaction activation energies for 
cathode and anode, respectively, while R and T have their usual significance. 
According to these equations, the linear plots of log)/)) ) ~1/T and log( Tf ) ~1/T 

can give the slopes, from which the reaction activation energies can be obtained. 
For the 0 2 reduction reaction on Pt catalysts, the reaction activation energy is 
reported to be in the range of 21-83 kJ/mol. The values obtained are strongly 
dependent on the catalysts used. For the H 2 oxidation reaction, reaction activation 
energies of 10-35 kJ/mol were reported on Pt catalysts, also depending on the 
catalysts used [2]. 

Temperature Effect on Other Kinetic Parameters 

Increasing temperature can also affect the kinetic parameters ( n aH , a H , n aQ , and 
a 0 ). Although, the temperature effect on n aH , a H , and n aQ is insignificant, the 
effect of temperature on a 0 is not. The electron transfer coefficient for ORR ( a 0 ) 
on a Pt electrode is dependent on temperature, given by Equation 18.5 

a o = a o T (18.5) 


where a° 0 equals 0.001678 and T is temperature in Kelvin [2, 3]. 

In summary, the increase in reaction kinetics for both the ORR and the HOR is 
mainly due to the increase in the exchange current density. For the ORR, the 
change in the electron transfer co-efficiency ( a o ) with temperature can also affect 
the ORR kinetics. Therefore, it is beneficial to operate a fuel cell at higher 
temperatures for kinetic improvement of the fuel cell reactions. 

18.1.1.2 Improved Contaminant Tolerance with Increasing Temperature 

CO Poisoning of Pt Surface 

Typical low-temperature proton exchange membrane fuel cells (LT-PEMFCs), 
operated at temperatures lower than 90 °C, use H 2 as fuel. H 2 is not a naturally 
occurring resource, and is mainly produced by reforming organic fuels such as 
natural gas and methanol or by coal gasification. The reforming process produces 
H 2 with traces of impurities, mainly CO, H 2 S, and S0 2 , among which CO is the 
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most challenging because it can strongly adsorb on the Pt catalyst surface and 
thereby block H 2 absorption. Normally, CO has two adsorption modes with a Pt 
catalyst: linear-bond CO and bridge-bond CO. It was found that CO absoiption 
occurred mainly through a linearly bonding mode [4], which can create a higher 
CO surface coverage and lead to severe catalyst poisoning. Based on the linear 
adsorption model, at a fixed overpotential the H 2 oxidation current was related to 
the CO surface coverage by Equation 18.6 [5, 6]: 

= (18.6) 

i h 2 


where i co , H is the H 2 oxidation current density in the presence of CO with a 
surface coverage of 6 co and i H is the current density without CO present. 

Equation 18.6 holds for both planar electrodes and gas diffusion electrodes in 
phosphoric acid electrolytes as well as in phosphoric acid fuel cells. However, in 
PEMFCs, Igarashi et al. [7] suggested that the current ratio should be directly 
proportional to (1 -9 co ) rather than (1 - 0 CO ) 2 . Nonetheless, increasing CO 
coverage leads to a decrease in the hydrogen oxidation current. 

The exchange current density for H 2 oxidation on a clean surface (if ) and on a 

poisoned Pt surface ( i ° Hi+co ) can be given by the following equations: 


if = 2Fk al C H f\ -0 {] ) 2 

(18.7) 

f 2 +co = 2Fk al C Hi (1 - 0 O ) (1 — 0co ) 

(18.8) 


where k at is the chemical rate constant for H 2 dissociation, C H is the concentration 
of H 2 in the bulk electrolyte, and 0 0 is the equilibrium coverage of the surface by 
H 2 at a current density of zero. The exchange current density of the HOR on a CO- 
poisoned surface is smaller than that on a non-poisoned surface. Higher 0 CO results 
in a low exchange current density for the HOR. 

CO poisoning of the Pt surface could also increase the activation energy of the 
H 2 oxidation reaction. Dahr et al. [4] reported that the reaction activation energy 
could be increased from 1.8 kCal/mol for pure H 2 to 10.6 kcal/mol for H 2 
containing 8.7% CO. 

Temperature Effect on CO Adsorption 

The adsorption of CO on the Pt electrode has a negative entropy of-39 cal/mol/K 
[4], leading to a decrease in standard free energy as temperature increases. The 
coverage of CO follows Equation 18.9 [4]: 
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d co =-^- - — \nH + — \n[CO]/[H 2 ] (18.9) 

r r r 

where A G° is the standard free energy of adsorption, r is the interaction parameter, 
and H is the Henry’s law constant for CO solubility. As the temperature increases, 
the AG° value decreases, resulting in a decrease in 9 C0 at a fixed ratio of 
[CO]/[H 2 ]. According to Equation 18.6, the decrease in 6 C0 can effectively 
improve the H 2 oxidation current density. In other words, at high temperature, if 
9 co is kept constant, (unchanged), a high [CO]/[H 2 ] ratio will be allowed 
according to Equation 18.9, suggesting that the catalyst is more tolerant to CO at 
high temperature. Experimental results reported by a number of studies using half 
cells and fuel cells showed that CO tolerance could be increased by 25 times, from 
several tens of ppm to 1000-1300 ppm, when temperature was increased from 70 
to 120 °C [8-11], At 200 °C, CO tolerance is even up to 30,000 ppm [8]. 

18.1.1.3 Improving Water Management by Increasing Temperature 
One of the key components in PEMFCs is the proton exchange membrane (also 
called the polymer electrolyte membrane). The membrane conducts protons from 
anode to cathode and separates anode from cathode. In addition, a small amount of 
polymer electrolyte (ionomer) is also needed in the catalyst layer to provide a 
three-phase boundary where proton, electron, and gas can meet for the reaction. 
Currently the commonly used polymer electrolyte is Nation, a sulfonated 
perfluorinate polymer. Its proton conductivity is strongly dependent on water 
content. In general, higher water content results in higher conductivity. To provide 
enough water for the membrane, a humidifier is normally required in a PEMFC 
system. 

Water transport involved in a PEMFC includes five parts [12]: water brought in 
by humidified gas, water removed at the outlet, electroosmosis from anode to 
cathode, back-diffusion from the cathode to the anode side, and water produced 
from the fuel cell reaction at the cathode side. During fuel cell operation, protons 
produced at the anode catalyst layer must travel through the polyelectrolyte to the 
cathode, where they react with 0 2 and electrons to form product water. The protons 
produced at the anode will react with water to form hydronium ions such as 
H(H 2 0) n + , which then travel to the cathode. The amount of water transferred with 
each proton is called the electroosmotic drag coefficient, which is in the range of 0 
to 5 depending on the anode humidification [13-15]. Back-diffusion refers to water 
transport due to the water concentration gradient. The water accumulated at the 
cathode will back-diffuse from the cathode to the anode through the 
polyelectrolyte. The water mass balance inside an MEA can be described as 
follows: at the anode, water gain is caused by humidified hydrogen and water 
back-diffusion, while water loss is caused by electroosmotic drag and the 
evaporated water brought out by outlet gases. 

There exists an optimum water balance during fuel cell operation. Therefore, 
maintaining the water balance for both anode and cathode sides is important. 
Unbalanced water transport at the anode side may cause anode dehydration and 
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imbalanced water transport at the cathode side may cause water flooding. For 
example, if the fuel cell is operated at high current densities, extra liquid water will 
be produced by the cathode reaction. If this extra water is not removed effectively, 
water flooding occurs, resulting in low performance. At high temperatures, the 
extra liquid water in the fuel cell membrane electrode assembly (MEA) may be 
evaporated, facilitating rapid water removal. Figure 18.1 shows the fuel cell 
polarization curves obtained at 80 °C and 120 °C. At 120 °C the cell performance 
in the high current density range is much better than that at 80 °C. This is due to 
improved water management. 



Figure 18.1. Polarization curves obtained at 80 °C and 120 °C with a backpressure of 30 
psig. MEA active area: 4.4 cm 2 . fE/air gases with 100% RH [2], (Reprinted from 
Electrochimica Acta, 52(7), Song C, Tang Y, Zhang J, Zhang J, Wang H, Shen J, et al., 
PEM fuel cell reaction kinetics in the temperature range of 23-120 °C, 2552-61, ©2007, 
with permission from Elsevier.) 

18.1.1.4 Improved Heat Rejection with Increased Temperature [1, 16] 

A considerable amount of the energy (about 40-50%) produced by an operating 
PEMFC is in the form of heat. In order to keep the fuel cell at low temperature 
operation, this heat must be removed quickly. However, if the fuel cell operates at 
low temperature (< 90°C), the heat rejection rate by natural air convection is not 
sufficient. A cooling sub-system is needed in a fuel cell system for heat removal. 
This cooling sub-system increases not only the system parasitic loss but also the 
volume and weight of the fuel cell system. The heat transfer rate is proportional to 
the temperature difference between the fuel cell stack and the environment. A 
larger temperature difference results in a faster heat transfer rate. Thus, increasing 
the fuel cell operating temperature could increase the heat transfer rate, reducing 
the load for the cooling system. On the other hand, if the fuel cell can be operated 
at temperatures above 100 °C, the heat can be recovered as steam, which is then 
usable for heating purposes. The reduced load and the recovered heat could 
increase the mass-specific and volume-specific power density and increase the 
overall system efficiency. 
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18.1.2 Routes to Increase the Operating Temperature 

Currently the materials in PEMFCs are designed for low-temperature operation. 
Two key materials, catalyst and membrane, must be considered if the fuel cell is 
operated at high temperatures. For example, the Nafion membrane has shown high 
ionic conductivity at temperatures lower than 80 °C at fully hydrated conditions. In 
the presence of liquid water, Nafion could absorb 21-22 H 2 0 per sulfonic acid 
group. At temperatures higher than 100 °C, each sulfonic acid group can only 
absorb 14 H 2 0, which shows a lower conductivity. In addition, operating Nafion 
membranes at temperatures greater than 100 °C could lead to internal structure 
change, resulting in a permanent loss of conductivity [17]. With respect to 
catalysts, the currently used carbon-supported catalysts can easily loss their 
catalytic activity if the fuel cell is operated at high temperatures, mainly due to 
carbon support oxidation. The oxidation of carbon support results in: (1) the 
delaminating of metal catalyst particles from the carbon supports; these 
delaminated metals (for example, Pt) could become electronically isolated and 
thereby useless; (2) the sintering or agglomeration of the Pt catalyst. At higher 
temperatures, the Pt particles tend to form larger particles through a dissolving- 
redepositing mechanism. This catalyst degradation causes loss in catalyst 
electroactive surface area, reduction in catalytic activity, as well as water flooding. 
The effect is more pronounced when PEMFCs are operated at high temperatures of 
120-300 °C [18], 

Two major paths exist to increase operating temperature: to develop high- 
temperature proton exchange membranes or high-temperature catalysts. So far 
most of the work on HT-PEMFCs has been focused on the development of 
membranes. For example, new membranes such as polybenzoimidazole (polymer 
electrolyte PBI) membrane, and inorganic materials doped with Nafion composite 
membranes such as zirconium phosphate-Nafion composite membrane have been 
developed [1, 19]. Solid acids such as CsHS0 4 and CsH 2 P0 4 have also been used 
as electrolyte materials in fuel cells that can be operated at temperatures up to 
~250°C [20-22], Only a few studies have focused on high-temperature catalyst 
development, and these will be introduced in Sections 18.2.1 and 18.2.3. 

18.1.3 Challenges of Catalysts/Catalyst Layers 

Currently the most commonly used catalysts in PEMFCs are composed of carbon- 
supported Pt. In long-term fuel cell operation, the stability and durability of the 
catalyst is always problematic. Carbon oxidation and Pt sintering or agglomeration 
can result in loss of electroactive surface on the catalysts, degrading fuel cell 
performance. These problems are more pronounced when the PEMFC is operated 
at high temperatures. Our recent experiments showed that when a PEMFC was 
operated at 300 °C for 4 hours, significant performance loss was observed (see 
Figure 18.2). The imminent challenge is to develop new catalysts that can have 
long-term stability under fuel cell operating conditions and survive high- 
temperature operation. 
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Figure 18.2. Polarization curves of a PBI-based MEA, obtained at 300 °C initially and after 
4 hours [23], Ambient backpressure, H 2 flow rate: 0.1 L/min; air flow rate: 0.4 L/min. 

Catalyst layers in state-of-the-art PEMFCs are prepared using catalyst ink, 
which consists of catalyst, ionomers (Nafion), and other solvents. The structure and 
the components of the catalyst layer have been optimized for low-temperature 
operation. However, at high-temperature operation, due to the absence of liquid 
water, the mass transport in the catalyst layer should be different. Thus, catalyst 
layers with different structures and different components should be designed for 
high-temperature operation. Another challenge is the ionomer used in the catalyst 
layer. Currently Nafion is primarily used as the ionomer in the catalyst layer to 
conduct protons for most PEMFCs. As we mentioned before, at high temperatures, 
the conductivity of Nafion can decrease, resulting in poor fuel cell performance. 
Thus, selecting suitable ionomers for high-temperature catalyst layers is also 
critical in HT-PEMFC research. 


18.2 Catalysts for High-temperature PEM Fuel Cells 

18.2.1 Current Research Activities 

For a low-temperature PEMFC, the most common problems for reliability and 
durability are degradation of catalysts and catalyst support oxidation. A number of 
papers have been published in this area, the details of which will be given in 
Section 18.2.2. It is expected that at high temperatures, these problems will be 
more pronounced. Recently, however, high-temperature PEMFC catalysts have 
begun to attract researchers’ attention, and several papers have been published. Liu 
et al. [24, 25] developed a Pt 4 Zr0 2 /C catalyst and found that it was more durable 
than Pt/C in PEMFCs operated at 150 °C. Other research activities have mainly 
focused on the development of oxidation-resistant supports (Section 18.2.3). 



High-temperature PEM Fuel Cell Catalysts and Catalyst Layers 869 


18.2.2 Degradation of Catalysts at High Temperatures 

Research on the degradation of catalysts has mainly focused on low-temperature 
PEMFCs (< 90 °C) [28-42]. For high-temperature operation, studies on catalyst 
degradation have been in the areas of phosphoric acid fuel cells (PAFCs) and PBI- 
based MEAs [41-43], Since the catalysts used in PAFCs are the same as those in 
PEMFCs, the degradation mechanisms should be applicable to high-temperature 
PEMFCs. Normally, catalyst degradation includes two parts: Pt catalyst 
degradation and carbon support oxidation. 

18.2.2.1 Pt Degradation 

Pt degradation is manifested by Pt particle agglomeration, Pt particle isolation, and 
Pt dissolution. The observable phenomena are an increase in Pt particle size and a 
loss of electroactive surface area. For example, Pt particle size is ~3 nm at the 
beginning of lifetime (BOL) testing, while after the durability testing or accelerated 
aging testing the particle size could increase to 10 or even 20 nm [26-39]. 


Chemical Potential 



r o M(r 0 )>fJ(r\) 


Figure 18.3. A schematic showing the mechanism of particle growth by 
dissolution/precipitation. The chemical potential of smaller particles is higher than that of 
larger particles [32], (Reproduced by penuission of ECS—The Electrochemical Society, 
from Virkar AV, Zhou Y. Mechanism of catalyst degradation in proton exchange membrane 
fuel cells.) 


Although other degradation mechanisms such as crystalline migration have 
been proposed [27-31], it seems that experimental results support an Ostwald 
ripening process, where the growth of catalyst particle size during PEMFC 
operation is ascribed to Pt dissolution and re-deposition [32]. On the other hand, 
the oxidation of catalyst carbon support can also lead to loss of Pt nanoparticles 
and particle size growth (see Section 18.2.2.2). In the Ostwald ripening process, 
smaller platinum particles dissolve in the ionomer phase and re-deposit on larger 
particles, resulting in the disappearance of small particles and the growth of larger 
particles. Dissolution of the smaller Pt particles occurs in either neutral (Pt°) or 
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ionic form (Pt 2+ ) or both, due to the chemical potential difference of differently 
sized particles as well as the high operating potential on the catalysts (cathode 
side). Figure 18.3 shows the Ostwald ripening process and the chemical potential 
of the particles. The transport of these species is through the liquid and/or the 
ionomer, and the transport of electrons is through the carbon support, as shown in 
Figure 18.4. 


Chemical Potential 

r 

Precipitation 


Dissolution 



Mpt(r a ) > Hp,in) 

Figure 18.4. Transport of Pt from a smaller particle to a larger particle by coupled transport 
of Pt 2+ through the liquid and/or ionomer and the transport of electrons through the carbon 
support when the Pt particles are in contact with electronically conducting carbon [32], 
(Reproduced by pennission of ECS—The Electrochemical Society, from Virkar AV, Zhou 
Y. Mechanism of catalyst degradation in proton exchange membrane fuel cells.) 

In a PEMFC, the potential is usually high at the cathode side under operating 
conditions, especially under open circuit conditions, where the following reaction 
occurs [32]: 


Pt^Pt 2 + 2c 

(iii) 

Pt + H 2 0 -> PtO + 2H + + 2e~ 

(iv) 

PtO + 2H + —» Pt 2+ + H 2 0 

(v) 


The Pt 2+ can also transport in the catalyst layer to the membrane. Soluble Pt 21 was 
detected in the effluent of the cathode [33]. Pt particles were observed in the 
membrane [31, 33-35], and redistributed Pt was also found in the catalyst layer 
[31]. Figure 18.5 shows the Pt species transport re-distribution in the catalyst layer. 
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Membrane-cathode interface | »10um ,| cathode/DM interface 


Figure 18.5. Schematic representing platinum surface area loss oil the nanometer scale, 
where platinum particles grow on carbon support via Ostwald ripening, and on the 
micrometer scale, where dissolved platinum species diffuse toward the membrane [31]. 
(Reproduced by permission of ECS—The Electrochemical Society, from Ferreira PJ, la O’ 
GJ, Shao-Hom Y, Morgan D, Makharia R, Kocha S, et al. Instability of Pt/C electrocatalysts 
in proton exchange membrane fuel cells.) 

The Pt particle growth is understandable due to the high cathode potential. 
However, at the anode side, Pt particle growth was also observed, although the 
situation was less severe than at the cathode side. For example, after 10,000 cycles 
of scanning the cathode potential from 0.6 V to 1.0 V (anode as both reference and 
counter electrode), Pt particle size at the anode side was found to increase from 2.3 
nm to 4.0 nm, and at the cathode side from 2.3 to 10.5 nm [31]. In fuel cell lifetime 
testing, particle growth of the anode catalyst was also reported [34]. Since most 
studies have focused on the cathode side, no satisfactory explanation for anode 
catalyst growth is given in the literature. Based on results for other nanoparticles 
such as Ag, Xie et al. explained that the standard potential of nanoparticles is 
different from that of the bulk materials, and that the standard redox potential can 
be shifted to a more negative value [34]. The negative shift in redox potential could 
lead to the oxidation of Pt nanoparticles at the anode side, resulting in dissolution 
and re-deposition [34]. 

It is also observed that the Pt degradation rate in PEMFCs is dependent on 
operating conditions, cell voltage, and temperature. Unfortunately, the literature 
results are not comparable because different conditions and methods were used. A 
surface area loss rate of 7.14 x 10 ! m 2 /g-Pt/hr over a 1000-hour period of 
operation was reported at a current density of 1.07 A/cm 2 , a backpressure of 30 
psig, and 100% RH [34]. A 63% surface area loss was reported for an MEA after 
10,000 potential cycles in the voltage range of 0.6-1.0 V at 80 °C [31]. 

High cell voltage (or high cathode potential) can lead to a high Pt degradation 
rate. This is because Pt oxidation is favored at high electrode potential. Wang et al. 
[30] studied the effect of cell voltage on Pt dissolution rate and found that an 
increase in potential from 0.65 to 1.1 V could lead to an increase in the Pt 
dissolution rate. However, further increase in potential led to a decrease in 
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dissolution rate. Aragane et al. found that in phosphoric acid fuel cells, the Pt 
dissolution rate consistently increased as cell voltage was changed from 0.6 to 1.0 
V [41]. 

An increase in temperature can result in an increase in Pt degradation. Bi et al. 
studied catalyst degradation by cycling the MEA potential between 0.87-1.2 V at 
40, 60, and 80 °C, respectively [26]. They found that the reduction in surface area 
with the potential cycling could be described by Equation 18.10: 

ln | ~ >Smin ] = _kN (18.10) 

$0 “ “S'min 


where N is the potential cycle number, k is the first rate order constant for Pt 
degradation, /> min is the minimum surface area subjected to potential cycling, and S 0 
is the initial surface area of the MEA. The first rate order for Pt degradation, k, is 
related to the temperature according to Equation 18.11 [37]: 


ln[Ar] = ln(G) - — 
RT 


(18.11) 


where E. d is the activation energy for the Pt degradation reaction, G is the 
degradation rate constant at infinite temperature, while R and T have their usual 
significance. For Pt/C catalysts in the temperature range of 65-90 °C, an activation 
energy of 25 kJ/mol was obtained by Bi et al. [26] and 23 kJ/mol by Debe et al. 
[36]. In a high-temperature range of 150-230 °C, Aragane et al. also found that the 
Pt dissolution rate increased with increasing temperature [41]. Using the data of 
Aragane et al., we calculated that the activation energy of Pt dissolution was 
around 25 kJ/mol (as shown in Figure 18.6, where the unit of k is mg/cm 2 /hr). 


1000/T 



Figure 18.6. Plot of Ln(£) vs. 1000/T, calculated based on the data from [41] 
18.2.2.2 Carbon Support Degradation 

Due to its unique properties, such as high electric conductivity, carbon is the most 
commonly used catalyst support for PEMFCs. An ideal carbon support should have 
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good electrical conductivity, high surface area, and a porous structure that allows 
for filling with polymer electrolyte, maximising the three-phase interface (catalyst 
- proton conductor - electron conductor) [44], Although other kinds of carbon 
have been studied, the most commonly used carbon support is Vulcan XC72. 

In PEMFCs, carbon support particles together with catalyst particles are 
exposed to corrosive environments, including high water content, low pH, high 
potential (cathode side), high oxygen concentration, and high temperature (> 
90°C). Carbon corrosion or oxidation can be expressed as reaction (vi): 

C + H 2 0 —> CO 2 + 4H + + 4e E°= 0.207 V vs. SHE (vi) 

where E° is the Nernst electrode potential at standard conditions and SHE is the 
standard hydrogen potential. Although the operating potential at the cathode side 
(0.5-0.9 V) is much more positive than 0.207 V, carbon corrosion is very slow at a 
typical PEMFC operating temperature due to its sluggish reaction kinetics. This 
slow oxidation rate makes carbon support an ideal material in low-temperature 
PEMFCs. However, for high-temperature operation, carbon corrosion will become 
more pronounced, especially at an operating temperature of ~200 °C [45, 46]. On 
the other hand, even in low-temperature operation, carbon corrosion can be 
problematic over prolonged lifetime testing [46-48]. In addition, most of the 
studies on carbon corrosion have shown that the presence of Pt on the carbon 
support can accelerate the corrosion of carbon [49-54]. Stevens and Dahn [49] 
found that carbon corrosion increased as Pt loading increased (Figure 18.7). 



Figure 18.7. Isothermal weight data for samples with different platinum loadings held at 
150 °C [49]. (Reprinted from Carbon, 43(1), Stevens DA. and Dahn JR, Thermal 
degradation of the support in carbon-supported platinum electrocatalysts for PEM fuel cells, 
179-88, ©2005, with permission from Elsevier.) 
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Kinetically, carbon is oxidized through the following mechanism, expressed by 
reactions (vii-ix) [57, 58], where the carbon in the lattice structure is oxidized to 
generate surface oxide, followed by hydrolysis and gasification of oxidized carbon 
to C0 2 . The subscript “s” in reactions (vii-ix) denotes the surface species. 


C s —» C s + + e 

(vii) 

C s + +1/2H 2 0 -> C s O + H + 

(viii) 

C s O + H 2 0 -» C0 2 + 2H + + 2e~ 

(ix) 


Temperature has a significant effect on carbon oxidation. An increase in 
temperature leads to a significant increase in the carbon oxidation rate. Roen et al. 
[50] find that for both Vulcan carbon and Pt/C, increasing temperature from 30 °C 
to 70 °C could result in an increase in C(J 2 production due to carbon oxidation, as 
shown in Figure 18.8. Stevens and Dahn found a similar trend in the temperature 
range of 125-195 °C, and reported a CO oxidation activation energy of 106 kJ/mol 
on Pt/C catalyst [49]. 




Figure 18.8. C0 2 mass spectrum profiles oil (a) Vulcan carbon and (b) commercially 
available Primea Gore MEA cathode (Pt/C) at (1) 70 °C, (2) 50 °C, and (3) 30 °C [50], 
(Reproduced by permission of ECS—The Electrochemical Society, from Roen LM, Paik 
CH, Jarvi TD. Electrocatalytic corrosion of carbon support in PEMFC cathodes.) 
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Mathias et al. found that the carbon oxidation rate (represented by CCH- 
producing current) for 50% Pt/C could be expressed as Equation 18.12 [47]: 

E 

i C o^W TS e- EJ(RT) t m (18.12) 

where E is the electrode potential, S is the entropy, E a is the activation energy (67 
kJ/mol), and m is the time decay parameter, which equals 0.3; R and T have their 
usual significance. According to this equation, the carbon losses at 0.9 V and 1.2 V 
at 80 °C for two catalysts (50% Pt/C and a 30% Pt-alloy/C corr _ res i S tant) were 
calculated, as shown in Figure 18.9. It can be seen that the corrosion-resistant 
carbon gives a low carbon corrosion rate at both voltages. 



Figure 18.9. Carbon weight loss vs. time for two different catalysts at both 0.9 V and 1.2 V 
and 80 °C (100% RH, 120 kPa a b s ) [47]. (Reproduced by permission of ECS—The 
Electrochemical Society, from Mathias MF, Makharia R, Gasteiger HA, Conley JJ, Fuller 
TJ, Gittelman CJ, et al. Two fuel cell cars in every garage?) 

The increase in the carbon oxidation rate with increasing temperature 
compromises the suitability of carbon application in HT-PEMFCs. Although the 
carbon-supported catalysts used in phosphoric acid fuel cells have achieved 40,000 
hours in lifetime tests, carbon corrosion is still one of the problems [57]. For FIT- 
PEMFCs, since the operating temperature is close to that in a PAFC, carbon 
corrosion is expected to be a problem as well, one that needs attention. Carbon 
oxidation not only results in the loss of carbon, destroying the attachment of Pt 
nanoparticles to carbon particles, but also changes the hydrophobicity of the carbon 
surface. Formation of surface carbon-oxygen groups makes the surface more 
hydrophilic, resulting in water management problem [58]. 
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18.2.3 Catalyst Support Strategy to Improve High-temperature 
Catalysts/Catalyst Layers 

In order to overcome the carbon corrosion problem, several strategies have been 
developed. Carbon materials with more graphite component showed improved 
corrosion resistance capability [59-61], Carbon nanotubes (CNT) have been found 
to be more corrosion-resistant than Vulcan carbon [62-66], In 168 hours of 
measurement under a simulated PEMFC cathode environment, multiwalled carbon 
nanotube (MWCNT) showed a 30% lower corrosion current than Vulcan carbon 

[63] , In this period of oxidation, 80% of the Pt surface area was lost for Pt/Vulcan 
carbon while only a 37% loss was observed for the MWCNT-supported Pt catalyst 

[64] , Shao et al. [65] reported that Pt/C degraded 49%, while Pt/CNT degraded 
26% in 192 hours of testing under simulated PEM fuel cell conditions. 

Boron-doped diamond was used as a support for Pt catalysts and showed some 
improved oxidation resistance [67, 68], 2000 cycles of potential dynamic test 
between the potentials of oxygen and hydrogen evolutions in 0.1 M HCIO4 (1-6 
mA/cm 2 ) showed that the dispersed Pt particles on the Boron-doped diamond 
support were extremely stable, as no loss in the activity was observed [67]. During 
2 hours of polarization in 85% H3PO4 at 170 °C and 0.1 A/cm 2 , the Pt/boron-doped 
composite electrode was also extremely stable [68]. These results might make the 
boron-doped diamond a good candidate for high-temperature PEMFC applications. 

Wang et al. proposed some strategies to develop durable catalyst supports, 
using graphitized carbons as scaffolds and protecting the carbon surface with 
tungsten carbide, oxycarbides, or conductive metal oxides [69]. Unfortunately, no 
durability results were reported. 

Another strategy is to manipulate the interaction between the support and the 
catalyst. Enhanced interaction between the catalyst and the carbon support may 
improve the catalytic activity and enhance the stability of the electrocatalyst [70- 
72]. Jacques et al. [70] investigated the interaction between Pt nanoparticles and 
zeolite support, and suggested that this interaction may modify the catalytic 
properties of the Pt nanoparticles. Bagotzky et al. [71] studied several different 
supports for Pt catalysts and observed that the interaction between the Pt and the 
supports could affect the catalytic activity. Halla et al. [72] studied the interaction 
between the Pt nanoparticles and the carbon support, and proposed that this 
interaction controlled the growth of Pt particles. These studies suggested that the 
catalytic properties and the stability of Pt nanoparticles could be manipulated by 
changing the metal-support interaction. 

Introducing a transition metal oxide to the Pt/C catalyst could also lead to 
improved corrosion resistance [24, 25, 73-75]. It was reported that introducing 
Ti0 2 to the Pt/C catalyst, forming Pt/TiCT/C, could avert Pt agglomeration, 
improve the catalytic activity, and enhance the catalyst’s CO tolerance [73-75]. 
Introducing Zr0 2 also led to improved corrosion resistance [24, 25]. This may be 
due to the interaction between the Pt and the transition metal oxide. Pt and Ti/Zr/W 
are metals with d -band electrons. The interaction between metals is expected to be 
stronger than that between metal and non-metal, such as Pt and carbon. 

Heat-treatment could also stabilize the carbon support against electrochemical 
corrosion and improve catalyst stability [61, 76-78]. Stonehart [77] showed that 
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heat-treatment could stabilize the carbon against corrosive degradation and 
increase the lifetime of the carbon support-based Pt catalysts. It was realized that 
the Pt catalysts with heat-treated carbon support were more stable than those 
without heat-treated supports, due to the strong interaction between the Pt particles 
and the basic anchoring sites on the carbon surface. In addition, heat treatment of 
the carbon support at 370 °C in air improved catalyst stability to the extent that it 
even remained stable in a 60 °C sulphuric acid solution [78]. Proper heat treatment 
of carbon supports could also impart to the catalyst the graphitic character of the 
carbon, resulting in improved corrosion resistance [61, 79]. 

18.2.4 High-temperature Catalyst Layers - Components and Structure 

The catalyst layer structures and components in HT-PEMFCs should be different 
from those used in low-temperature PEMFCs. For example, water management in 
an HT-PEMFC is not a problem and thus the required hydrophobicity of the 
catalyst layer might not be a factor for HT-MEAs. Obviously, Nafion, the 
commonly used ionomer for low-temperature MEAs, is not suitable for HT 
applications. Unfortunately, the design and evaluation of HT catalyst layers have 
not yet attracted attention. This is most likely due to the lack of suitable materials 
for HT-MEA fabrication. For example, although a significant number of 
publications look at high-temperature membrane and ionomer development, these 
ionomers have seldom been used in a catalyst layer to replace Nafion, possibly due 
to the technical difficulties of doing so. 

Phosphoric acid-doped polybenzimidazole (PA-PBI) membrane is the most 
common type for HT-PEMFCs. It was also introduced in the catalyst layer as an 
ionomer to improve proton conductivity [8, 80-83]. Similar to the application of 
Nafion ionomer in the catalyst layer, polybenzimidazole (PBI) solution was 
incorporated into the catalyst layer by an impregnation method (the electrode was 
soaked in a PBI solution), by a gluing method (the PBI membrane was coated by 
PBI solution), or by a brushing method (the PBI solution was brushed onto the 
electrode) [80]. 

Unfortunately, while catalyst components and structures in low-temperature 
MEAs have attracted considerable attention, optimization of high-temperature 
catalyst layer structures and components seems little studied. Lobato et al. [83] 
investigated the effect of the catalytic ink preparation method on the performance 
of HT-PEMFCs. They employed two methods for catalyst layer preparation: the 
solution method and the colloid method. In the solution method, catalyst ink was 
prepared by mixing the catalyst (20% Pt/C) and PBI solution (5% PBI in 
dimethylacetamide). In the colloid method, acetone was added to the mixture of 
catalyst and PBI solution, which made the PBI form a colloid suspended in the 
solvent. They found that electrodes prepared by the solution method showed better 
performances at 150 °C and 175 °C, and that the electrodes prepared by the colloid 
method gave a better performance at 125 °C. This is probably due to differences in 
catalyst layer structure (see Section 18.2.7). 



878 C. Song, R. Hui and J. Zhang 


18.2.5 Strategies for HT Catalyst/Catalyst Layer Performance Improvement 
and Mitigation 

In the literature, few studies have focused on performance improvement and 
mitigation of high-temperature catalyst layers. For LT-PEMFCs, materials used in 
the catalyst layer preparation are commercially available. For HT-PEMFCs, 
materials are not only different from those in LT-PEMFCs but also differ from 
study to study. For example, in PBI membrane-based MEAs, Pt/C catalyst and PBI 
ionomer were used in the catalyst layer [80-83]. However, in a CsH 2 P0 4 
membrane-based catalyst layer, no ionomer was used [22]. It is expected that 
improvement and mitigation of a high-temperature catalyst layer should depend on 
the materials used, and the catalyst layer structures should be optimized according 
to the materials employed. 

18.2.6 Suggestions for Future Work 

Development of high-temperature proton exchange membranes and catalysts for 
HT-PEMFCs are equally important in terms of the long-tenn sustainability of fuel 
cell technology and commercialization. Based on a review of the literature as well 
as our understanding, we would like to suggest several future research topics for 
high-temperature catalyst development: 

(1) Development of highly durable catalyst supports, such as carbon with more 
graphitic components, ceramic, and carbon-ceramic composite materials, which 
could survive in a high-temperature environment. 

(2) Enhancement of the interaction between the supports and the catalysts to 
stabilize Pt nanoparticles and improve catalytic activity. 

(3) Development of new catalysts such as highly durable non-noble catalysts. 
For long-term sustainable PEMFC commercialization, non-noble catalysts are the 
solution because of the limited supply and high cost of Pt. 

(4) Optimization of HT-PEMFC catalyst and catalyst layer composition and 
structure through innovative design, evaluation, as well as fundamental 
understanding. 

18.2.7 Typical Example Analysis 

Transition metal oxide has high thermal stability and has been used in the 
development of high-temperature membranes. Recently, Liu et al. [24] developed a 
PtZr0 2 /C (atomic ratio Pt:Zr = 4:1) catalyst with high thermal stability and 
corrosion resistance [24]. The catalyst was prepared by deposition of Zr0 2 on 
carbon, followed by deposition of Pt on the Zr0 2 /C composite material. The 
developed catalyst was evaluated by an accelerated aging test, where the potential 
of the MEA was cycled between 0.6 and 1.2 V. Figure 18.10 shows the catalyst 
particle size change after 3000 cycles. For comparison, an MEA made from 
commercially available catalyst (Pt/C) was also tested using the same conditions 
and the results are shown in Figure 18.11. The particle size of the PtZr0 2 /C 
catalyst was increased from ~4 nm to ~6nm, while the particle size of 
commercially available Pt/C catalyst was increased from ~3 nm to ~12 nm. 
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indicating that Pt nanoparticles on ZrCVC are more resistant to agglomeration or 
sintering. 
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Figure 18.10. Histograms of the particle size distribution of the PtZrCVC catalyst before (a) 
and after (b) the potential cycling test [24], (Reprinted from Electrochemistry 
Communications, 9(1), Liu G, Zhang H, Zhai Y, Zhang Y, Xu D, Shao Z, Pt 4 ZrC> 2 /C 
cathode catalyst for improved durability in high temperature PEMFC based on H 3 P0 4 doped 
PBI, 135-41, ©2007, with permission from Elsevier.) 
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Figure 18.11. Histograms of the particle size distribution of the commercially available Pt/C 
catalyst before (a) and after (b) the potential cycling test [24], (Reprinted from 
Electrochemistry Communications, 9(1), Liu G, Zhang H, Zhai Y, Zhang Y, Xu D, Shao Z, 
Pt 4 Zr 02 /C cathode catalyst for improved durability in high temperature PEMFC based on 
H 3 PO 4 doped PBI, 135-41, ©2007, with permission from Elsevier.) 


For fuel cell testing at 150 °C, the performance degradation of the MEA made 
from the PtZr0 2 /C catalyst, after 3000 cycles of aging, is less significant than that 
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of the commercially available Pt/C catalyst, as shown in Figure 18.12. It is 
believed that the improved durability and sintering resistance are mainly due to the 
improved support strategy. Pt particles adjacent to the Zr0 2 support could prevent 
the Pt from sintering. However, a fundamental understanding of the mechanism is 
still needed for further improvements. 




Figure 18.12. Polarization curves of (a) commercially available Pt/C-based MEA and (b) 
PtZr0 2 /C-based MEA before and after the potential sweep test for 3000 cycles between 0.6 
and 1.2 V vs. SHE. Cell temperature: 150 °C, H 2 /0 2 , ambient pressure, no pre- 
humidification [24], (Reprinted from Electrochemistry Communications, 9(1), Liu G, Zhang 
H, Zhai Y, Zhang Y, Xu D, Shao Z, Pt 4 Zr0 2 /C cathode catalyst for improved durability in 
high temperature PEMFC based on H 3 P0 4 doped PBI, 135—41, ©2007, with pennission 
from Elsevier.) 
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The work of Lobato et al. is a typical example of high-temperature MEA 
preparation, as shown in Figure 18.13 [83]. The catalyst layer structure is 
illustrated in Figure 18.14. The solution method gave a more uniform and denser 
structure with lower secondary pore volume than the colloid method, due to the 
uniform distribution of PBI in the solution. In the colloid method, PBI forms 
agglomerates, resulting in the enlargement of secondary pores. 


foray Graphite Paper (TQPH-090,20 % wet-proofed) 


«- 

_J_ 

Toray graphite paper 

+ 

Microporous layer (C * PTFE) 


k 


E Ketjenblack EC-300 carbon 
Tefton emulsion 
Isopropanol (solvent) 


-20% Pt on Vulcan XC-72 carbon 

-Polybenzimidazole 

-Acetone (solvent for the ‘colloidal method’) 

-DMAc (solvent for the "solution method - ) 


_I_ 

Toray graphite paper 

+ 

Mlcroporous layer 
+ 


Catalyst layer (PtiC+P8I) 


1 

I 


* . 

MEMBRANE ELECTRODE ASSEMBLY (MEA) 


ELECTRODE 


c 


Impregnated with 2 M H 3 PO, 
HjP 0 4 doped PSt membrane 


Figure 18.13. Schematic of the procedure for MEA fabrication [83], (Reprinted from 
Journal of Power Sources, 157(1), Lobato J, Rodrigo MA, Linares JJ, Scott K, Effect of the 
catalytic ink preparation method on the performance of high temperature polymer 
electrolyte membrane fuel cells, 284-92, ©2006, with permission from Elsevier.) 

Structural differences can significantly affect MEA properties. For example, the 
MEA prepared by the colloid method showed a high Pt utilization (21%), low 
Tafel slope (221 mV/dec), and low charge transfer resistance (10.7 Q), while the 
solution method gave a Pt utilization of 12%, a Tafel slope of 390 mV/dec, and a 
charge transfer resistance of 20.9 Q. The cell performances of the two MEAs are 
shown in Figure 18.14. These performance differences are possibly due to 
structural differences in the catalyst layer. Electrodes prepared by the colloid 
method have an open structure with enlarged secondary pores that facilitate mass 
transfer. Therefore, that catalyst layer structure can affect HT-PEMFC 
performance. With respect to optimization of the catalyst layer structure, more 
work is needed on design, fabrication, and fundamental understanding. 
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Figure 18.14. Electrode structures prepared by the solution method and the colloid method, 
respectively [83], (Based on Figure 5 in Journal of Power Sources, 157(1), Lobato J, 
Rodrigo MA, Linares JJ, Scott K, Effect of the catalytic ink preparation method on the 
performance of high temperature polymer electrolyte membrane fuel cells, 284-92, ©2006, 
with permission from Elsevier.) 



Figure 18.15. Polarization curves obtained with MEAs prepared by the two methods. Cell 
temperature 125 °C, ambient pressure (H 2 /O 2 ), no prehumidification [83], (Reprinted from 
Journal of Power Sources, 157(1), Lobato J, Rodrigo MA, Linares JJ, Scott K, Effect of the 
catalytic ink preparation method 011 the performance of high temperature polymer 
electrolyte membrane fuel cells, 284-92, ©2006, with permission from Elsevier.) 
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18.3 Summary 

High-temperature PEMFCs (i.e. , > 90 °C) have several advantages over low- 
temperature PEMFCs (i.e. , < 90 °C) in terms of reaction kinetics, contaminant 
tolerance, water management, and heat rejection. However, at high-temperature 
operation, material degradation is the main challenge. Therefore, development of 
materials, including catalysts, that are suitable for high-temperature operation is the 
main task for those working on HT-PEMFCs. 

To date, the major focus has been upon the degradation of materials in low- 
temperature PEMFCs. Research has identified that catalyst degradation occurs 
primarily in two ways: catalyst sintering/agglomeration and catalyst support 
oxidation. Catalyst sintering/agglomeration is caused by Pt dissolution/re¬ 
deposition, resulting in the growth of Pt particles, and by Pt migration, leading to 
Pt deposition in membranes and redistribution in the catalyst layer. Carbon support 
oxidation can result in the detachment of the catalyst particles from the support, 
reducing Pt utilization. Both catalyst sintering/agglomeration and carbon support 
oxidation are temperature dependent, and therefore high-temperature operation 
would lead to more severe catalyst degradation. 

Little attention has been paid to high-temperature catalyst layer development. 
Due to the unique characteristics of HT-PEMFCs and the different properties of 
HT materials, the HT-PEMFC catalyst layer is expected to be more variable in 
composition than its low-temperature counterpart. 

The development of high-temperature catalysts/catalyst layers is still in its early 
stages. This area requires more attention and effort in order to achieve a 
breakthrough in PEMFC technology and commercialization. 
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19.1 Introduction 

The membrane electrode assembly (MEA) is the heart of proton exchange 
membrane fuel cells (PEMFCs), including direct methanol fuel cells (DMFCs), and 
determines both fuel cell performance and durability. The MEA component 
materials, structure, and fabrication technologies play important roles in 
performance improvement and optimization. For example, the catalyst layers, 
where the electrochemical reactions take place, are the most important of the 
several components in PEMFCs. An MEA contains an anode gas diffusion layer 
(GDL), an anode catalyst layer (CL), a proton exchange membrane (PEM), a 
cathode catalyst layer, and a cathode gas diffusion layer. An ideal MEA would 
allow all active catalyst sites in the catalyst layer to be accessible to the reactant 
(H 2 or 0 2 ), protons and electrons, and would facilitate the effective removal of 
produced water from the CL and GDL. Over the past several decades, great efforts 
have been made to optimize the catalyst layer and MEA, and many catalyst 
layer/MEA structures and fabrication methods have been developed. As a result, 
MEA performance with advanced catalyst layers has been significantly improved 
by employing different fabrication methods [1—4], changing the catalyst layer 
structures [5-11], and using different components [5-8]. 

This chapter will address the preparation methods for catalyst inks, catalyst 
layers, and MEAs, with a focus on the fabrication processes. 


19.2 Principles of Gas Diffusion Electrodes and MEA Structures 

The electrodes in PEMFCs, including both cathode and anode, are multi- 
component and gas porous matrices, also called gas diffusion electrodes (GDEs). A 
GDE is generally composed of a reaction layer (the CL) and an accessorial layer 
(the GDL). The GDL, adjacent to the catalyst layer and the flow field, plays an 
important role in PEMFC performance and has several functions: (1) transportation 
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of reactants: the GDL should be able to provide reactant pathways from the flow 
field channels to the catalyst layer and uniformly distribute the reactants onto the 
whole reaction surface; (2) transportation of liquid water: the GDL offers pathways 
for liquid water removal from the catalyst layer to the flow field channels; (3) 
conduction of electrons: the GDL allows electron transfer from the bipolar plate to 
the catalyst layer or vice versa; (4) mechanical support: the GDL should be able to 
support the catalyst layers and the proton exchange membrane against pressure 
from the gases and the assembly force; and (5) heat conduction: the GDL should be 
able to effectively remove the produced heat from the catalyst layer. The GDL has 
a typical dual-layer structure with a macro-porous substrate layer (SL) and a coated 
thinner microporous layer (MPL), as illustrated in Figure 19.1. 



, Carbon black Hydrophobic I. j Carbon fiber 

agent 

Figure 19.1. Schematic diagram of a dual-layer cathode gas diffusion layer 

A well-qualified substrate layer should have excellent gas permeability, high 
electron conductivity, smooth surface, good mechanical strength, proper 
wettability, stable chemical and heat properties, as well as low cost. The most 
common SL materials used in PEMFCs are carbon-fiber-based products, such as 
non-woven carbon papers and woven carbon cloths. This is mainly due to their 
high porosity (> 70%) and good electrical conductivity. Besides these carbon 
materials, some metal substrates such as sintered porous titanium and stainless 
steel fiber felt have also been explored as SLs [12-14] because of their high 
mechanical strength, ductility, and low cost. 

Adding a surface layer onto the SL has proven to be an effective way of 
improving the water/gas management of the whole GDL [15-18]. The microporous 
layer (MPL, also called a carbon base, in industry) consists of carbon or graphite 
particles mixed with a hydrophobic agent, usually polytetrafluoroethylene (PTFE), 
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which serves as a binder. Typically, the MPL has a pore size in the order of the 
carbon agglomerates, between 100 and 500 nm, with a thickness of 5-50 pm, while 
the SL has a 10-30 pm pore size and 100-300 pm thickness. The primary purpose 
of the MPL is water management and reactant redistribution. It can provide 
effective wicking of liquid water from the cathode CL into the SL, and then 
effective transportation of gases in the opposite direction. It also contributes 
significantly to the reduction of electrical contact resistance between the SL and 
CL. 

The catalyst layer (CL) is a key component in the GDE, as the location where 
electrochemical reactions take place. For example, in order to carry out the oxygen 

reduction reaction (ORR) {'/■ (O, +2H + + 2c —>H,0), the catalyst particles must be 
in contact with both electronic and protonic conducting materials, and there must 
be some passages for the transportation of the reactants to the catalytic reaction 
sites as well as paths for the reaction product (H 2 0) to exit. In a catalyst layer, 
protons travel through an electrolyte (ionomer) and electrons travel through 
electrically conductive solids, including the catalyst itself. Therefore, the catalyst 
particles must be in close contact with each other, the electrolyte, and the adjacent 
GDL. Moreover, the reactant gas (0 2 ) and the produced water travel mainly 
through the voids, so the electrode must be porous enough to allow gas to diffuse 
to the reaction sites and liquid water to wick out. Figure 19.2 schematically shows 
a three-phase boundary where catalyst, reactants, and electrolyte meet for 
electrochemical reactions. In the diagram this reaction boundary essentially is a 
line, not an area, which would result in a limited current. However, the actual 
reaction zone is larger than a single three-phase boundary line because some 
reactant gases can diffuse through the electrolyte polymer to the catalyst surface. 



Figure 19.2. Schematic diagram of a three-phase reaction boundary 


In a PEMFC, the combination of anode/membrane/cathode is referred to as a 
membrane electrode assembly (MEA). Normally, the MEA is a five-layer 
composite structure that includes anode GDL, anode CL, membrane, cathode GDL, 
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and cathode CL. Two different typical MEA structures have been developed 
according to the CL location, as illustrated in Figure 19.3. Applying catalyst ink 
onto the GDL leads to a basic two-layer structure called a catalyst coated GDL 
(CGDL), while directly applying catalyst ink onto both sides of the proton 
exchange membrane results in a three-layer structure called a catalyst coated 
membrane (CCM). Then a final five-layer MEA is formed by sandwiching a 
membrane between two CGDLs or a CCM between two GDLs. 



/ V \ 

CGDL PEM CGDL 




CCM GDL 



Anode GDL 
Anode CL 
PEM 

Cathode CL 
Cathode GDL 


Figure 19.3. Schematic diagram of an MEA 


The catalyst layers need to be designed to generate high rates of the desired 
reactions and minimize the amount of catalyst necessary for reaching the required 
levels of power output. An ideal catalyst layer should maximize the active surface 
area per unit mass of the electrocatalyst, and minimize the obstacles for reactant 
transport to the catalyst, for proton transport to exact positions, and for product 
removal from the cell; these requirements entail an extension of the three-phase 
boundary. In general, individual property specifications should be a compromise 
between conflicting requirements. The catalyst layer structure should be optimized 
with respect to the interactions between components, with trade-offs between 
several effects. 
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This chapter focuses on the preparation of catalyst inks, catalyst layers, and 
MEAs. 


19.3 Catalyst Layer 

The catalyst layer is the region where electrochemical reactions occur. The large 
challenges in PEMFC research arise from catalyst layers because their structures 
are quite complicated and heterogeneous. The first-generation CLs using PTFE- 
bonded Pt black electrocatalysts displayed high performance but at a prohibitively 
high cost [19]. These conventional electrodes generally have a high platinum 
loading, up to 4 mg/cm 2 . One of the most significant improvements has been made 
by Raistrick [20], who fabricated a CL with dispersed Pt/C and by painting 
solubilized ionomer. These electrodes with 0.4 mg Pt/cm 2 loading demonstrated 
the same performance as the first-generation electrodes with 4 mg Pt/cm 2 [20]. 
With thin-film methods, the Pt loading was further lowered down to a level of 0.1- 
0.3 mg/cm 2 [8, 21-23], and even to 0.01-0.02 mg/cm 2 with the sputtering- 
deposition method [24]. The 2010 target of the United States Department of 
Energy, to have PEMFCs for transportation applications, needs to achieve a total Pt 
catalyst loading of 0.3 mg Pt /cm 2 (total Pt loading of cathode and anode) with a 
performance of 0.8 V @ 0.4 A/cm 2 or 0.85 V @ 0.1 A/cm 2 under 80 °C, 250 kPa, 
and FE/air operation. 

The important properties of a catalyst layer, such as electronic/protonic 
conductivity, porosity, active reaction area, as well as catalytic activity, are mainly 
determined by the fabrication method and the properties of the components. To 
date, several manufacturing techniques have been developed, such as blading, 
painting, printing, spraying, rolling, and screening. It is difficult to judge which 
method is the best because each has unique qualities. 

19.3.1 Preparation of Catalyst Ink 

Catalyst ink, containing the catalyst, an electrolyte (ionomer) and/or hydrophobic 
agent, and certain solvents, is a liquid precursor of the catalyst layer. When 
preparing the ink, the contents of each component are the first consideration, 
followed by its uniformity and viscosity. In general, catalyst ink should be stirred 
or ultrasonically dispersed thoroughly to ensure all the nano-scaled catalyst 
particles come into contact with the other components uniformly. If lower viscosity 
catalyst ink is being applied on a porous GDL substrate, the ink could penetrate the 
inside of the substrate, leading to wasted catalyst as well as a water “flooding” 
problem. However, if the viscosity is too high, the resultant catalyst layer will have 
problems with non-uniform dispersion or hard diying. According to the bonders 
used, there are three kinds of catalyst inks, as shown in Figure 19.4; the 
corresponding catalyst layers made from these inks are also shown. 



894 H. Zhang, X. Wang, J.L. Zhang and J. Zhang 


Catalyst inks & catalvst layers 


Hydrophobic ink Hydrophilic ink & colloid inis Catalyst ion solution ink & Pt foil 


Hydrophobic electrode 

Hydrophilic electrode Deposition electrode 

• PTFE-bonded 
hydrophobic CL 


• Decal method CL 

• Dir ect-spraying CL 

• Ionoiner-pyrolyzed CL 

• Colloid method CL 

• PTFE/C addition CL 


• Sputtering-deposition CL 

• NSTF CL 

• Electrochem.-deposition C'L 

• Chemical-deposition CL 

• IBAD CL 


Composite electrode 


Figure 19.4. Classification of catalyst ink and catalyst layers 


19.3.1.1 Hydrophobic Ink 

Hydrophobic ink, containing a catalyst and a hydrophobic agent (such as 
Polytetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF)), is used to 
prepare a hydrophobic type of catalyst layer. The typical process for the 
preparation can be summarized as follows: 

1. Stir a mixture of Pt/C catalyst and solvent (e.g., ethanol) highly and 
disperse it in an ultrasonic machine; 

2. Add a diluted PTFE emulsion to the above mixture, followed by thorough 
ultrasonic stirring to form a catalyst ink; 

3. Heat the mixture in a tempera hire water bath to form a paste that is suitable 
for transferring onto a GDL. 

PTFE induced in a CL not only acts as a binder to stabilize the catalyst particles 
but also imparts hydrophobicity to the CL and provides passways for gas 
transportation. However, if the PTFE content is too high the catalyst particles could 
become wrapped, resulting in decreased electron conductivity and catalyst 
utilization. Normally, a content of 10-40% is considered optimal. 


19.3.1.2 Hydrophilic Solution and Colloid Ink 

In a hydrophilic ink, the CL binder is replaced with a hydrophilic 
perfluorosulfonate ionomer (PFSI, e.g., Nafion). It is well known that Nafion 
ionomer exists in different states according to the dielectric constants of solvents, e. 
For example, Nafion forms a solution in solvents with e > 10, a colloid in those 
with s between 3 and 10, and a precipitate in those with s < 3. Typically, a solution 
state with ethanol or isopropyl alcohol and a colloidal state with butyl acetate have 
been widely used in prior studies. 

One of the key parameters in such a hydrophilic ink is the PFSI content. The 
optimum amount and distribution of the ionomer in the CL is a trade-off between 
the requirements of maximum contact between ionomer and Pt particles, and 
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minimum electron/gas transport resistances. This maximum ionomer-Pt contact is 
required to guarantee maximum protonic conductivity. Gas transport inside the 
catalyst layer could be affected by both decreased porosity and liquid water 
trapping. Decreased porosity is caused mainly by occupation of the solid ionomer, 
while liquid water trapping is caused primarily by the hydrophilic property of the 
ionomer. For a supported catalyst like Pt/C, the carbon has a much larger surface 
area than that of the Pt particles. Therefore, only if the carbon surface is covered by 
the ionomer can contact between the ionomer and Pt particles be guaranteed. 
Normally, the ratio of ionomer to carbon (I/C) is about 0.8-1. 

19.3.1.3 Pi Ion Solution Ink and Pt Foil 

The third method is to use Pt ion solution ink, such as Pt 2f or Pt 4+ salt solution, 
rather than using a well-prepared Pt/C or Pt-alloy/C catalyst. In this way, catalyst 
sites at desired positions in the catalyst layer can be formed through a reduction 
process. Alternatively, a Pt foil can also be used as the Pt resource in most of the 
sputtering-deposition method for CL preparation. 

19.3.2 Preparation of the Catalyst Layer 

In accordance with the component distribution in a catalyst layer, two categories of 
catalyst layer have been employed during the development of PEM fuel cells. The 
first is the uniform catalyst layer, in which all components distribute uniformly; 
this kind of CL is widely used in the fuel cell industry. The second is the non- 
uniform catalyst layer, in which one or more components have gradients across the 
whole catalyst layer, from the GDL side to the membrane side or from fuel cell 
inlet to outlet. The following sections will discuss these two categories in detail. 

19.3.2.1 Uniform Catalyst Layer 

PTFE-bonded Hydrophobic Catalyst Layer 

PTFE-bonded hydrophobic electrodes are the modified versions of gas diffusion 
electrodes developed for PAFCs. In preparation, the catalyst particles are mixed 
with PTFE emulsion to form a catalyst ink, which is then cast onto the GDL. In 
order to provide ionic transport to the catalyst sites, the PTFE-bonded catalyst 
layers are generally impregnated with an ionomer, commonly Nafion, by blushing 
or spraying. A typical preparation process is detailed as follows: 

1. Coat a PTFE-bonded hydrophobic ink onto the GDL and then dry to 
remove the solvent; 

2. Bake the electrode subsequently at 240-340 °C for 40 minutes to remove 
surfactants in the PTFE emulsion and hydrophobilize the electrodes; 

3. Spray a certain amount of Nafion solution onto the surface of the catalyst 
layer to form the ionic paths; 

4. Diy the as-prepared electrode at room temperature to remove the solvents. 

Such a PTFE-bonded hydrophobic catalyst layer is a breakthrough in catalyst 
layer preparation technology for PEMFCs. First, this technique uses a carbon- 
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supported platinum catalyst to replace a platinum black catalyst. This replacement 
can reduce platinum usage more than ten-fold without compromising catalyst layer 
performance. More importantly, proton transport is enhanced significantly by 
impregnating the CL with a proton conducting material (Nafion) between the 
electrode and the membrane. For fuel cell perfoimance optimization, a PTFE 
content of 20-40 wt% and an ionomer to carbon (in a Pt/C catalyst-based catalyst 
layer) ratio of 0.8-1 have proven to be optimal parameters for forming an efficient 
electrode. To date, the performance of such an electrode has been improved 
significantly and corresponding mass production has been achieved. 

Figure 19.5 schematically shows the structure of PTFE-bonded electrodes. The 
advantages and disadvantages of such electrodes depend on the preparation 
processes and materials used. The unique use of such a PTFE in the catalyst layer 
can improve the gas transport limitation considerably. However, if too much PTFE 
is used, negative effects can be observed. For example, the catalyst layer wrapping 
effect will cause a decrease in both electron conductivity and catalyst utilization. In 
addition, the process of impregnating the top of the catalyst layer surface with 
Nafion ionomer could lead to an asymmetric distribution within the whole CL. If 
the sprayed Nafion ionomer does not penetrate the electrode to a sufficient depth, 
the deeper layer catalyst particles will not come in contact with the ionomer, 
leading to a higher resistance in proton transport and leaving the uncontacted Pt 
inactive. These inactive Pt particles are denoted by blank circles in Figure 19.5. 
The platinum utilization in such an electrode is only 10-20% [7]. Note that 
assembled MEAs with such electrodes are prone to delamination due to the 
different swelling degrees of the electrode and membrane, resulting in a 
discontinuity in the ion path and decreased cell longevity. 





Gas diffusion layer 
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Figure 19.5. Schematic of a PTFE-bonded hydrophobic electrode 
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Ionomer-bonded Hydrophilic Catalyst Layer 

As discussed above, it is vital to extend the contact area between the catalyst and 
the protonic ionomer in order to improve catalyst utilization. To meet this 
requirement, ionomer-bonded hydrophilic catalyst layers have been developed. The 
hydrophilic ink, prepared by mixing the catalyst and ionomer directly, ensures 
sufficient contact between the catalyst particles and the ionomer. It was found that 
an ionomer-bonded hydrophilic catalyst layer could improve Pt utilization by up to 
45.4% [25], 

Ionomer-bonded hydrophilic catalyst layers can be classified into two 
categories, according to differences in preparation processes and structures: the 
membrane-based hydrophilic catalyst layer and the GDL-based hydrophilic 
catalyst layer. In addition, some modified versions of such hydrophilic catalyst 
layers have also been explored. These will be discussed in detail in the following 
sub-sections. 

Membrane-based Hydrophilic Catalyst Layer. Wilson and Gottesfeld [ 8 , 21- 
23] suggested an ionomer-bonded hydrophilic catalyst layer prepared with the 
decal transfer method. The so-called decal transfer process includes two key steps: 
(1) coating catalyst ink onto a blank substrate (e.g., PTFE film) then (2) 
transferring the coat onto the membrane (as shown in Figure 19.6). A typical 
preparation procedure is as follows: 

1. Prepare a uniformly distributed hydrophilic ink (Pt/C catalyst, Nafion 
solution and water/glycerol as a solvent). The weight ratio of 
carbon/water/glycerol is about 1:5:20. 

2. Paint the PTFE film with a layer of ink and then bake this catalyzed film in 
an oven until dry. If the desired catalyst loading is not achieved, more 
painting will help. 

3. Decal the coated layer onto a polymer electrolyte membrane by a hot- 
pressing process (i.e., press at 70-90 atm for 90 seconds under 140 °C). 

4. Cool down and then release the blank substrate from the coating film, 
leaving the film adhered to the membrane surface. 

5. Place gas diffusion layers against the catalyzed film to form an MEA. 

Normally, glycerol is used in the ink preparation, which prevents the decal film 
from spontaneously combusting during the diying process in an oven; this 
prevention is mainly due to the low evaporation rate of glycerol. A cation 
exchanged ionomer and membrane (such as tetrabutylammonium ion (TBA + ) or 
Na H form) are also used more frequently in ink preparation. With these agents, the 
transferring temperature can be increased to as high as 200 °C without any damage 
to the film structure, facilitating effective contact between the ionomer and the 
catalyst particles, as well as strong bonding to the membrane. In addition, a robust 
pseudo-crystalline structure of ionomer can also be formed in the catalyst layer. 
The catalyzed membrane assembly is thereafter converted to the H 1 form by light 
boiling in a 0.1 M H 2 SO 4 solution and rinsing in deionized water prior to assembly 
into the MEA. 
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PTFE blank film Spray catalyst layer onto PTFE blank film 



Release PTFE film Decal the catalyst layer onto membrane 

by hot pressing 

Figure 19.6. Process flow diagram of thin film decal transfer technology 

In order to further improve the ionic connection between the membrane and the 
catalyst layer [8, 26-30], a technology called catalyst coated-membrane (CCM) has 
recently been developed. In a CCM, the catalyst ink composed of catalyst, proton 
exchange ionomer, and solvent is sprayed directly onto both sides of the proton 
exchange membrane (e.g., Nafion membrane) to form anode and cathode catalyst 
layers. In this way, a three-layer (anode catalyst, membrane, and cathode catalyst 
layer) CCM is formed. The CCM is then sandwiched with two GDLs to make an 
MEA. A hot-press bonding step for this MEA may not be necessary when it is 
assembled into a single cell. Of course, a hot-press step may help if the heating and 
pressing conditions are optimized. Commercially available CCMs can give a 
performance of 0.65 V at a current density of 1.0 A/cm 2 under operating conditions 
of 80 °C, 50% relative humidity (RH), and 7 psig. 

Besides a wet-spraying method for CCMs, a dry-spraying method was also 
developed by Gulzow et al. [31, 32] without using solvents. In this process, 
composite catalyst powders, ionomer, and PTFE are mixed in a knife mill. The 
mixture is then atomized and sprayed with a nitrogen stream through a slit nozzle 
directly on both sides of the membrane, followed by a hot rolling procedure to 
improve both electric and ionic contacts. The advantages of the dry layer technique 
are its simplicity without solvent evaporation steps, as well as its unique ability to 
create graded layers with multiple mixture streams. 

GDL-based Hydrophilic Catalyst Layer. Catalyst layers can also be formed by 
spraying hydrophilic catalyst ink onto a GDL [33-36]. Qi and Kaufman [36] 
presented a low-Pt-loading high-performance electrode for PEM fuel cells by this 
method. They simply mixed together the catalyst with cold Nafion solution and 
water, without any additional organic solvent, and then pasted the mixture onto the 
GDL to form the electrode. Using E-TEK 20 wt% Pt/C, the catalyst layer with 30 
wt% Nafion content and 0.12 mg/cm 2 Pt loading yielded the best performance, 
0.72 W/cm 2 under ambient pressure. This performance could be further improved 
using several effective activation methods. One was to boil or steam the electrodes 
or MEAs before fuel cell testing [37]. The second method was H 2 evolution on 
electrodes using an external power source [38]; H 2 evolution could change the 
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porosity and tortuosity of the catalyst layer and improve catalyst utilization and 
fuel cell performance. The third method was to operate the MEAs at elevated 
temperature and pressure before operation at normal conditions [39, 40]. 

Figure 19.7 shows a schematic structure of an ionomer-bonded electrode. The 
notable advantages of such an electrode can be summarized as follows: (1) 
improved bonding between the membrane and the catalyst layer, (2) a uniform 
continuity of the electronic and ionic paths for all catalyst sites due to the uniform 
dispersion of catalyst in the ionomer, (3) high Pt utilization, attributed to good 
contact between the catalyst and the protonic conductor, and (4) relatively low 
catalyst loading without performance losses. Flowever, there are still some 
inevitable disadvantages for this kind of catalyst layer. First, due to the lack of 
hydrophobic passages, gas transportation from the GDL to the reaction sites is 
difficult, and the produced water tends to accumulate in the electrode and block the 
gas transport paths, leading to a decrease in fuel cell performance. Second, because 
the ionomer degrades, its ability to bind with the catalyst particles will decrease, 
causing lowered reliability as well as durability problems. 

Membrane 

Inactive Pt/C 

Active Pt/C 

1 

Ionomer 

Water 

Figure 19.7. Schematic of an ionomer-bonded hydrophilic electrode 

Modified Hydrophilic Catalyst Layer 

Colloid Method: In order to improve gas transport through the ionomer-bonded 
hydrophilic catalyst layer, some modified hydrophilic electrodes have also been 
developed. One technique is called the colloid method, which changes Nafion into 
a colloid state. The colloid ionomer (such as Nafion) can adsorb catalyst particles 
to form larger catalyst/Nafion agglomerates. It is believed that the colloid method 
benefits the construction of the CL microstructure and enhances gas transportation 
[41-45]. Uchida et al. [41, 42] first proved that butyl acetate with a e of 5.01 was 
the best solvent to form PFSI colloids for the preparation of a catalyst layer. The 
detailed steps are as follows: 
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1. Add butyl acetate into the PFSI solution to form an ionomer colloid. 

2. Add the Pt/C particles into the above colloid solution; in this step, the 
mixture is transformed into a paste by ultrasonically coagulating the Pt/C 
catalyst adsorbed PFSI chains. 

3. Spread the paste over the GDL to form an electrode. 

A colloid method such as this should be more suitable for applying catalyst ink 
onto a porous GDL because the larger catalyst agglomerates do not easily penetrate 
deeply into the GDL. Improved cell performance was observed with the catalyst 
layer prepared using this colloid method, which could be attributed to the increased 
reaction area, the reduced internal resistance, and the enhanced reactant mass 
transport. 

Ionomer-pyrolyzed Method: To improve gas transfer through the hydrophilic 
catalyst layer, another technique called the ionomer-pyrolyzed method has also 
been developed [46]. This method can effectively introduce hydrophobic gas paths 
into the catalyst layer through pyrolyzing a part of the ionomer, making it 
hydrophobic. 

The preparation steps are as follows: 

1. Prepare a hydrophilic catalyst ink consisting of catalyst, Nafion, and 
alcohol. 

2. Spread this catalyst ink onto a gas diffusion layer, then dry it to form a pre¬ 
electrode. 

3. Heat-treat this pre-electrode in a temperature range from 280 to 340 °C for 
1 hour under inert gas. 

4. Spray a small amount of Nafion ionomer solution onto the surface of the 
electrode with a Nafion loading of 0.05-0.2 mg/cm 2 then dry the electrode 
at room temperature. 

It is known that Nafion has a hydrophobic Teflon-like backbone and 
hydrophilic sulfonic groups (-SO3H) at the end of the side chains, which make it 
proton conductive. Thermogravimetric/mass spectrometric (TG-MS) measurement 
during heat-treatment in the temperature range of 275 to about 380 °C showed a 
shaip mass loss peak corresponding to the release of sulfur dioxide. This result 
indicated that the sulfonic group in the ionomer was decomposed in this 
temperature range to foim sulfur dioxide gas. Similar results were also reported in 
[47], 

In the ionomer-pyrolyzed method, after heat-treatment of the pre-electrode in 
the temperature range of 280-340 °C, part of the Nafion ionomer in the catalytic 
layer can be pyrolyzed, losing its sulfonic acid group. This part of the ionomer can 
act as hydrophobic material in the electrode, performing the same function as 
PTFE in a PTFE-bonded electrode. The rest of the unpyrolyzed ionomer can still 
serve as the proton conductive material. In the final step, a small amount of Nafion 
ionomer solution is sprayed onto the surface of the electrode to increase the 
adherence between the catalyst layer and the membrane. Therefore, the ionomer- 
pyrolyzed electrode not only guarantees ionic and electronic contact but also 
provides passage for the gases and avoids flooding, thereby improving Pt 
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utilization. Compared to a PTFE-bonded electrode, much better fuel cell 
performance can be achieved with an ionomer-pyrolyzed electrode, as shown in 
Figure 19.8. 
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Figure 19.8. Perfonnance of MEAs with different electrodes [46], (Reproduced from Zhang 
J, Wang X, Hu J, Yi B, Zhang H. A novel method for preparing PEMFC catalytic layers. 
Bulletin of the Chemical Society of Japan 2004;77:2289-90, with kind permission from the 
Chemical Society of Japan.) 

Adding PTFE/C in a Hydrophilic Electrode: Another method for modifying the 
hydrophilic ionomer-bonded electrode is to introduce hydrophobic materials into 
the electrode to form gas passages. PTFE-supported carbon (PTFE/C) composite 
powder is the first choice because of its excellent compatibility with the electrode. 
Flowever, due to the high tenacity and low fluidity of PTFE, it is difficult to break 
PTFE/C into very small particles. Two ways have been proposed: (1) the 
mechanical milling method in liquid nitrogen [48] and (2) the intermittent 
microwave irradiation (IMI) method [49]. Mechanical milling is a complicated and 
time-consuming process, and the resultant PTFE/C powder is not uniform. The IMI 
method is more convenient and can achieve a uniformly distributed PTFE/C 
composite. Unfortunately, the drawback of IMI is that it is not easy to control the 
PTFE content precisely. Taking a PTFE/C with PTFE loading of 30 wt% as an 
example, the IMI synthesis steps are as follows [49]: 

1. Mix 4.0 g carbon black and 150 ml deionized water together thoroughly 
under stirring. 

2. Add 120 g PTFE emulsion (with a concentration of 5 wt% diluted by 
deionized water) to the above carbon suspension under stirring. 

3. After the evaporation of water, a nominal 60 wt% PTFE/C mixture can be 
obtained and is treated by intermittent microwave irradiation (IMI); the IMI 
is cycled with “30 s on, 90 s off’ to decompose the surfactant in the PTFE 
emulsion and recover the hydrophobicity of the PTFE until the final PTFE 
loading of 30 wt% is achieved. 




902 H. Zhang, X. Wang, J.L. Zhang and J. Zhang 


The fabrication procedure for a catalyst layer modified by adding the as- 
prepared PTFE/C composite powder is as follows: 

1. Prepare Nafion ionomer-impregnated Pt/C catalyst ink by dispersing Pt/C 
catalyst and Nafion solution in isopropanol, followed by a thorough 
ultrasonic treatment; the weight ratio of Nafion to the carbon support of 
Pt/C is controlled at —4:5. 

2. Add the butyl acetate to the dispersion to promote in situ deposition of 
Nafion on the Pt/C catalyst, forming a Pt/C/Nafion dispersion. 

3. Mix the Pt/C/Nafion dispersion and PTFE/C composite powder together 
under stirring, forming Pt/C/Nafion-PTFE/C composite catalyst ink; the 
percentage of PTFE/C nanocomposite in the Pt/C/Nafion-PTFE/C catalyst 
layer is about 30%. 

4. Spray the as-prepared composite catalyst ink directly on one side of the 
membrane to form a catalyst layer. 
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Figure 19.9. Polarization curves and the corresponding power density curves of fuel cells 
with a Pt/C/Nafion-PTFE/C catalyst cathode and a Pt/C/Nafion membrane-based cathode, 
respectively. Measured at 80 °C. The hydrogen and air reactant gases were externally 
humidified at 90 °C and 85 °C, respectively. The flow rates were 50 mL min" 1 for hydrogen 
and 200 mL min 1 for air [49]. (Reprinted from Electrochemistry Communications, 8(7), 
Tian ZQ, Wang XL, Zhang F1M, Yi BL, Jiang SP, Microwave-assisted synthesis of PTFE/C 
nanocomposite for polymer electrolyte fuel cells, 1158-62, ©2006, with pennission from 
Elsevier.) 


The polarization curves in Figure 19.9 show that incorporation of PTFE/C 
nanocomposite into the Pt/C/Nafion catalyst can significantly improve the mass 
transport property of the catalyst layer without any negative effect on the 
electrocatalytic activity of the Pt catalysts. 
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Dual-bonded Composite Catalyst Layer 

Regarding the inherent problems with proton/gas transport for the hydrophobic or 
hydrophilic types of catalyst layers, a dual-bonded composite CL was suggested 
first by Zhang et al. [50, 51] in order to alleviate the drawbacks and promote the 
merits of the individual CL. Zhang and Shi [52, 53] also investigated such dual- 
bonded composite CLs by optimizing various components used. This dual-bonded 
CL cathode has two layers. The first is the hydrophobic layer with PTFE as a 
binder material, which is fabricated directly on the surface of the GDL. The second 
is a hydrophilic layer with Nafion as a binder material, which is fabricated on top 
of the hydrophobic layer surface. The typical preparation process can be 
summarized as follows: 

1. Apply a PTFE-bonded hydrophobic ink on the surface of the GDL as the 
hydrophobic layer; 

2. Bake this hydrophobic layer in an oven at a temperature of 200-350 °C for 
30-60 minutes to hydrophobilize the layer; 

3. Then apply a Nafion-bonded hydrophilic ink onto the top surface of the 
above hydrophobic layer as a hydrophilic layer, and at the same time can 
also ionize the hydrophobic layer. 
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Figure 19.10. Cell perfonnances with different catalyst layers 


The dual-bonded CL has both hydrophobic and hydrophilic properties, ensuring 
enough protonic conductivity as well as smooth gas transfer pathways. As 
expected, the cell performance of such a dual-bonded composite CL is obviously 
higher than that of a conventional PTFE-bonded hydrophobic CL (as seen in 
Figure 19.10). Moreover, the catalyst dosage in such an electrode can be increased 
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in order to achieve the desired higher output power. Though the preparation 
process of such a dual-bond electrode is a little fussy, it is a promising and 
practical method to achieve relatively higher performance and better durability. 

Super-thin Deposition Catalyst Layer 

A trend in electrode preparation is to reduce the catalyst layer thickness to improve 
the mass transfer efficiency at the interface, such as the efficient movement of 
protons, electrons, and dissolved reactants in the reaction zone. In addition, a 
thinner electrode will be beneficial to reduce catalyst loading and increase mass 
power density. The deposition technique is an effective way to achieve a thinner 
electrode through depositing a nano-scale catalyst film on the substrate. Deposition 
methods include chemical vapor deposition, physical or thermal vapor deposition, 
sputtering deposition, electrochemical deposition, chemical deposition, as well as 
ion beam deposition. The following sections will focus on electrodes fabricated 
with these various deposition methods. 

Sputtering-deposition Electrode. Sputtering is widely used in the preparation of 
thin catalyst layers. The resultant CLs have demonstrated high performance even at 
an ultra-low level of Pt loading [24, 54, 55], In general, the sputtering process is 
carried out in an evacuated chamber. The typical sputtering steps are as follows: 

1. Mount the substrate (either the GDL or the membrane) in the sputtering 
chamber, with one side facing up or down towards the catalyst target. 

2. Evacuate the chamber and then fill argon to a pressure between 1.3 and 6.7 
Pa. 

3. Initiate the sputtering process by applying a high voltage between the 
target and the chamber wall. Depending on the desired catalyst loading, the 
process is continued until the targeted loading is achieved. 

4. Upon completion of the sputtering, readmit air to the chamber and remove 
the substrate. 

The performance of a sputtering catalyst layer is sensitive to the amount of 
sputtered catalyst, the substrate material, and the morphology of the substrate. The 
sputtering layer generally has a thickness of 2-15 nm (corresponding to an ultra- 
low level of platinum loading of 0.005-0.03 mg/cm 2 ). The surface roughness of the 
substrate has a significant effect on the Pt layer adhesion and morphology. 
Applying an additional thin layer on the substrate before catalyst layer deposition, 
such as a chromium, palladium, or gold thin film layer, can modify the substrate’s 
seeding, improving the growth of the platinum catalyst film and enhancing 
electrical conductivity. In addition, to extend the three-phase reaction zone a two- 
dimensional active layer was developed by sputter-depositing alternating layers of 
Pt and Nafion-carbon ink onto the membrane or the gas diffusion layer [56-58]. 
The results demonstrated that such multiple sputtering could also effectively 
improve performance. 

Nanostmctured Thin Film (NSTF) Electrode. Debe et al. [59, 60] employed 
sputter technology and deposited catalyst on a nanostructured thin film (NSTF). 
This NSTF is an oriented crystalline organic whisker. Perylene red (PR) is a highly 
useful organic material for growing the NSTF. To form an electrode, the 
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catalyst/PR nanostructured film is decaled to the surface of the proton exchange 
membrane to form a catalyst layer. Scanning electron microscope (SEM) cross- 
sectional views of a nanostructured whisker support and a catalyst coated NSTF 
are shown in Figure 19.11. There are two primary differences between the NSTF 
catalyst layer and the conventional catalyst layer (using Pt/C): (1) the former is at 
least ten times thinner than the latter, which has significant implications for the 
electrochemically active area as well as for the water and heat generation rates per 
unit volume of the electrode, and (2) the former contains no additional ionomer, 
such as Nafion, for ion transport. But no increasing ionic resistance is observed 
because of the short distance between the proton exchange membrane and the 
active catalyst surface sites. The second difference becomes more significant when 
a fuel cell is operated at higher current densities. For conventional electrodes, only 
a fraction of the catalyst layer is utilized, whereas the NSTF layer appears to be 
100 % utilized at all current densities. 



Figure 19.11. Scanning electron micrographs of typical NSTF catalysts as fabricated on a 
microstructured catalyst transfer substrate, seen (top) in cross-section with original 
magnification of x 10,000 and (bottom) in plane view with original magnification of 
*50,000. The dotted scale-bar is shown in each micrograph [59], (Reprinted from Journal of 
Power Sources, 161(2), Debe MK, Schmoeckel AK, Vernstrom GD, Atanasoski R, High 
voltage stability of nanostructured thin film catalysts for PEM fuel cells, 1002-11, ©2006, 
with permission from Elsevier.) 
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Besides Debe’s electrode, Tang et al. [61] produced a carbon nanotube thin 
film with ultra-low Pt loading (Pt on multi-walled carbon nanotubes (MWNTs)) 
through a polycarbonate filtration membrane. Compared to the results presented by 
both Los Alamos National Lab (LANL) and 3M Corporation, as shown in Figure 
19.12, this thin-fdm cathode catalyst layer with a loading of 6 pg Pt/cm 2 could give 
a mass activity of 250 A/mg Pt, which is the highest activity reported so far. 



Figure 19.12. Comparison of mass activity of Pt/MWNTs thin film with Pt loading of 6 pg 
Pt/cm 2 (A); Pt/MWNTs thin film with Pt loading of 12 pg Pt/cm 2 (■); 3M Corporation, 
Pt/NSTF with Pt loading of 26 pg Pt/cm 2 (□); Los Alamos National Lab, Pt/C with Pt 
loading of 120 pg Pt/cm 2 (A) [61], (Reprinted with permission from J Phys Chem C 
2007;111:17901—4. Copyright 2000 American Chemical Society.) 

As discussed, the sputtering technique is a very useful method to achieve an 
ultra-low Pt loading in the catalyst layer. A unique advantage of the sputtering 
technique is that the catalyst utilization is extremely high. In addition, the 
sputtering method facilitates the preparation of a nano-scale Pt catalyst layer with a 
precise thickness, which could simplify fuel cell water/thermal management and 
eliminate mass transfer loss. Furthermore, the sputtering process allows the 
deposition of Pt on various substrates, such as the GDL, membrane, and other 
supports. Flowever, although the sputtering CLs showed remarkably higher mass 
activity than the conventional layer, the validated output power density still falls 
short. 

Electrochemical-deposition Electrode. Vilambi-Reddy et al. [62] presented the 
early research on the electrochemical deposition electrode. They developed an 
electrochemical catalyzation (ECC) technique to deposit platinum catalyst particles 
selectively in the regions accessible to both ions and electrons. In the ECC 
technique, a hydrophobic porous carbon paper was first coated with dispersed 
carbon particles and PTFE to form a substrate. Then the Nafion ionomer was 
impregnated onto this carbon substrate. This substrate was then placed into a 
platinum acid-plating bath, along with a platinum counter electrode. One side of 
this substrate, without Nafion, was masked with a non-conducting film, which 
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could guarantee that the platinum would only be deposited on the regions 
impregnated with Nafion. When an interrupted DC current was applied to the 
electrodes in the plating bath, catalyst ions would pass through the Nafion to the 
carbon particles and be deposited on those areas where protonic and electronic 
conduction coexisted. The resulting platinum particle sizes ranged from 20 to 35 A, 
with a Pt loading of 0.05 mg/cm 2 . In terms of mass activity, i.e., mA/mg Pt, a 
tenfold increase was observed for the ECC prepared electrode, contributing to 
higher platinum utilization. In addition, the electrodeposited method was also used 
to deposit catalyst particles through the membrane and into the membrane- 
electrode interfacial region, or directly onto the carbon substrate [63, 64]. 

Chemical-deposition Electrode. Chemical techniques can also be employed in 
the fabrication of catalyst layers by platinizing the surface of a Nafion membrane. 
One approach [65, 66] is to expose one side of the Nafion membrane to a reductant 
solution (e.g., hydrazine solution) and the other side to a platinic acid solution. The 
reductant diffuses across the membrane to react with platinic acid and form a Pt 
catalyst layer. In another impregnation-reduction method [3, 67, 68] a cationic salt, 
such as Pt(NH 3 ) 4 Cl 2 , is first impregnated into the Nafion membrane, followed by 
exposing this membrane to a reductant, such as NaBH 4 . As shown in Figure 19.13, 
a dense and porous platinum film can be formed using this chemical deposition 
technique. 



Figure 19.13. SEM top view and TEM side view of a 11011 -equilibrium impregnation- 
reduction electrode. Deposition conditions: 0.6 mM Pt(NH 3 ) 4 CI 2 , 1 mM NaBH 4 , 40 minutes 
impregnation time, 2 hours reduction time, 50 °C [3], (Reprinted by permission of ECS— 
The Electrochemical Society, from Liu R, Her W-H, Fedkiw PS. In situ electrode formation 
on a Nafion membrane by chemical platinization.) 

A unique advantage of electrodes fabricated by chemical techniques is 
improved proton conductivity due to sufficient contact between the Nafion 
membrane and the catalyst layer. The disadvantages are poor mass transportation 
through the catalyst layer and lower platinum activity, caused by large particle size. 

Ion-beam Assisted Deposition (IBAD) Electrode. The ion-beam assisted 
deposition (IBAD) technique has been previously used for a wide range of 
applications [69], and the detailed methodology can be found in [70]. Dual IBAD 
is a vacuum-deposition process that combines physical vapor deposition (PVD) 
with ion-beam bombardment. A vapor of coating atoms is generated with an 
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electron-beam evaporator and deposited on the substrate. Ions are simultaneously 
extracted from the plasma and accelerated into the growing PVD film at energy 
levels of several hundred to several thousand electron volts (500-2000 eV). Two 
ion beams are used in the dual IB AD approach: one is to roughen the substrate and 
the other is to embed the target atoms (such as Pt). Saha et al. [71, 72] prepared a 
series of ultra-low pure Pt-based electrodes (with Pt loading of 0.04-0.12 mg 
Pt/cm 2 , the corresponding film thicknesses ranged between 250 and 750 A) by the 
dual IBAD method on the surface of a commercially available GDL (LT1400, E- 
TEK). These electrodes were compared with a conventional E-TEK electrode 
having a total MEA Pt loading of 1 mg Pt/cm 2 . The results showed that a mass 
specific power density of 0.297 g Pt/kW may be possible at 0.65 V if using a dual 
IBAD electrode containing a 250 A deposit with a total catalyst loading of 0.08 mg 
Pt/cm 2 . This activity is superior to that of the conventional MEA with a total 
loading of 1 mg Pt/cm 2 . Furthermore, the dual IBAD method also has an advantage 
in terms of mass manufacturability of the PEMFC electrodes. However, in 
comparison with the performance target of 0.8-0.9 W/cm 2 at 0.65 V, this technique 
could give a performance of only 0.27-0.43 W/cm 2 , mainly due to high mass 
transport losses. 

19.3.2.2 Gradient Configuration Catalyst Layer 

Most of the catalyst layers described above have uniform structures and 
compositions over the whole catalyst layer. However, current distribution 
measurements (or current mapping) and the corresponding mathematical models 
indicate that current density is strongly dependent on the relative position on the 
MEA; in other words, different locations across the MEA can give different current 
densities or reaction rates. This is mainly due to the non-uniform distribution of the 
reactant concentrations along the flowfield channels. It is understandable that the 
electrochemical reaction consumption of the reactant, as well as product water 
accumulation along the MEA in-plane direction, lead to a gradual decrease in 
reactant concentration from fuel cell inlet to outlet. In this non-uniform reactant 
distribution, the configuration of flowfield channels plays an important role. Along 
the MEA through-plane direction, the electrochemical reaction prefers to occur at 
zones close to the membrane in the catalyst layer. Therefore, in order to ensure an 
efficient electrochemical reaction and sufficient utilization of the catalyst, a 
decreasing gradient distribution of the catalyst from the membrane side to the GDL 
side would be favorable. With respect to this, some “fine gradient” electrodes with 
non-uniform structure and composition in the in-plane direction or through-plane 
direction have been explored. 

In-plane Catalyst Gradient Electrode 

A non-uniform electrode was introduced in 1989 [73]. In this electrode, the 
electrocatalyst concentration increased along the direction parallel to the electrode 
substrate. It is expected that the effect of increased catalyst loading in the direction 
of gas flow could balance the effect of diminishing reactants in the gas stream. In 
this way, the reaction rate could be substantially uniform across the electrode 
surface. Prasanna et al. [74] employed the catalyst-gradient method for single fuel 
cell fabrication, and found that it was an effective way to reduce Pt loading without 



Conventional Catalyst Ink, Catalyst Layer and MEA Preparation 909 


any loss in fuel cell performance. Various gradient electrodes have been designed, 
as shown in Figure 19.14 (a). The corresponding cell performance is also given in 
Figure 19.14 (b). It can be seen that with the same catalyst loading (0.3 mg/cm 2 ), 
the gradient electrode displays much better performance than does the non-gradient 
electrode, particularly in the high current density range. The disadvantage is that 
the fabrication of a non-uniform electrode is much more complicated than that of a 
uniform electrode. 
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Figure 19.14. (a) Distribution of the cathode catalyst loading in a gradient electrode, (b) cell 
performance of non-gradient and gradient electrodes [74], (Reprinted from Journal of Power 
Sources, 166(1), Prasanna M, Cho EA, Kim H-J, Oh I-H, Lim T-H, Hong S-A, Perfonnance 
of proton-exchange membrane fuel cells using the catalyst-gradient electrode technique, 53- 
8, ©2007, with permission from Elsevier.) 
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Through-plane Catalyst Gradient Electrode 

An electrode with the catalyst gradient along the through-plane direction contains a 
series of catalyst layers from the GDL side to the membrane. Each catalyst layer 
has its own catalyst loading that differs from the others’. A typical example is a 
PTFE-bonded or ionomer-bonded catalyst layer with an additional sputtered Pt 
layer on the top surface of the CL or membrane. The objectives of this method are 
to reduce the thickness of the supporting catalyst layer and increase the catalyst 
concentration in the layer adjacent to the membrane. The catalyst through-plane 
gradient configuration is also beneficial in terms of catalyst utilization 
improvement. For example, Ticianelli et al. [5, 75, 76] made this kind of electrode 
by sputtering a 50 nm Pt layer on a PTFE-bonded layer and testing its 
performance. They found that with a highly concentrated Pt localized in the layer 
near the membrane, the activation as well as the ohmic losses within the catalyst 
layer were diminished and the power density was improved significantly. Similar 
conclusions were also obtained by Mukeijee et al. [77]. 

Other Composition Gradient Electrodes 

Besides the catalyst gradient in the catalyst layer, other components such as the 
hydrophobic agent (PTFE) and proton conductive polymer (Nafion) may also need 
to be adjusted in order to optimize gas/water transportation and electron/proton 
transfer. It can be expected that the catalyst layer adjacent to the gas diffusion layer 
side should be more hydrophobic to ensure much more of the reactants penetrates 
the inside of the electrode. While near the membrane side, more proton conductive 
polymer is needed to ensure a continuous network for proton conduction. 
Therefore, a non-uniform catalyst layer with a decreasing PTFE loading and an 
increasing Nafion content along the through-plane direction from GDL to 
membrane should be more efficient. 

Song et al. [78] presented a multi-layer agglomerate model for the performance 
analysis of a non-uniform catalyst layer. The catalyst layer is assumed to be 
composed of several sub-layers with different material properties, such as 
agglomerate size, agglomerate porosity or sub-layer porosity, and so on. The 
effects of different material property combinations in these sub-layers on the whole 
catalyst layer performance were studied numerically. The results showed that the 
performance of the catalyst layer was strongly dependent on the properties of the 
sub-layer adjacent to the membrane. Furthermore, decreasing agglomerate sizes, 
increasing agglomerate porosities, or decreasing sub-layer porosities along the 
direction from the side of the gas diffusion layer to the side of the membrane will 
also improve the performance of the whole catalyst layer. 

Non-uniformity in an electrode is also developed according to the configuration 
of the flowfield channels [79]. The MEA area that is in contact with the landing 
areas of the flowfield plate has no catalyst, and only the channel area is coated with 
catalyst. In this way, it is possible to reduce the quantity of expensive 
electrocatalyst material while maintaining the same cell performance. 

Although a non-uniform catalyst layer can improve fuel cell performance to 
some extent, the preparation process is complicated and difficult to control. 
Therefore, this kind of catalyst layer is not suitable for mass production. 
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19.4 Preparation of the MEA 

The MEA, which is composed of anode, membrane, and cathode, is a key unit in 
PEM fuel cells. The MEA is normally prepared by sandwiching a membrane 
between an anode and cathode under hot pressing. Before hot pressing, the 
membrane usually needs to be pre-treated in order to remove impurities and 
completely protonate the membrane. In practice, the membrane is treated in 3% 
H 2 02(aq) and then in 1 M H 2 S 04 (aq) for 1 hour each at 60-80 °C, followed by 
careful washing with double-distilled water. 

The hot-pressing process (also called MEA bonding) is a simple way to 
assemble the anode, cathode, and proton exchange membrane together, and ensures 
interfacial contact between the electrode and the membrane. The bonding 
conditions of the hot-pressing process, such as the bonding temperature, pressure, 
and time, play an important role in obtaining high-performance MEAs. For 
example, the glass transition temperature of Nafion is about 125 °C, which restricts 
the hot-pressing temperature. However, at temperatures much lower than the glass 
transition temperature of the membrane, the Nafion resin in both the catalyst layer 
and the membrane will not melt, so ionomeric contact with the catalyst and 
between the catalyst layer and the membrane will become a problem, resulting in 
poor catalyst utilization and higher ionic resistance. On the other hand, if a much 
higher bonding temperature is used, the membrane may lose its water retention 
properties, the ionomer acidic group may degrade, and the catalyst layer may be 
partially delaminated from the membrane. Therefore, an optimal temperature value 
exists for hot pressing. As for the hot-pressing pressure, the choice is strongly 
dependent on the electrode’s mechanical strength, porosity, and thickness. The 
porosity of the electrode decreases with increasing bonding pressure, which limits 
mass transport. Moreover, the carbon fibers are prone to being crushed under a 
very high pressure. However, high pressure can result in a thinner catalyst layer, 
favoring mass transport. Therefore, the choice of bonding pressure should also be 
optimized. Hot-pressing time is another important parameter affecting the contact 
between the membrane and the electrode, as well as the porosity of the electrode. It 
seems that as the hot-pressing time increases, the ionic conductivity and three- 
phase reaction area in the catalyst layer first increase and then decrease, resulting 
in a reduction in the porosity and mass transport rates [80]. Normally, hot pressing 
is conducted in a temperature range of 120-160 °C, and a time period of 30-300 
seconds. 

It is worth noting that the hot-pressing process is not necessary for some kinds 
of MEAs. For example, when a COM is used in a fuel cell, the CCM can be put 
directly between two pieces of GDL and assembled into the fuel cell hardware. 


19.5 Summary and Outlook 

This chapter has addressed the fabrication technologies for catalyst inks, catalyst 
layers, and MEAs. Due to the electrochemical reactions taking place in the three- 
phase areas of fuel cell catalyst layers, the proton conductor, electron conductor, 
and reactants must meet together at all active catalyst sites. Passages for proton, 
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electron, gas, and water transport must co-exist at the same time in a catalyst layer. 
The preparation procedures for catalyst inks, catalyst layers, as well as MEAs have 
a strong effect upon the formation of such passages. There is no doubt that high 
fuel cell performance is primarily determined by how the catalyst ink, catalyst 
layer, and MEA are prepared. 

During the development of PEMFCs, many kinds of catalyst layers have been 
designed and accordingly, many techniques have also been developed to fabricate 
these catalyst layers. It is still difficult to make fair comparisons among the 
techniques developed. Besides the fabrication method, electrode performance also 
strongly depends on its components and the materials used in the catalyst ink, 
catalyst layer, and MEA. Therefore, the greatest challenge in achieving efficient 
and cost-effective electrodes for fuel cell commercialization remains to achieve a 
breakthrough in materials exploration, such as catalyst and membrane materials. 
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Spray-based and CVD Processes for Synthesis of Fuel 
Cell Catalysts and Thin Catalyst Layers 


Radenka Marie 


20.1 Introduction 

In spite of many efforts and improvements by thousands of scientists worldwide, 
PEMFCs and DMFCs have not been commercially used. State-of-the-art 
electrocatalysts for PEMFCs rely on large quantities of platinum to achieve 
acceptable performance levels. This presents a significant hurdle to market 
acceptance of FC-powered vehicles; a commercially viable electrocatalyst will 
require nearly an order-of-magnitude reduction in Pt usage to meet both cost and Pt 
availability constraints. Pt fine particles are dispersed on carbon blacks with a large 
surface area to reduce the total Pt used and to enhance catalytic activity. This 
activity depends not only on the primary structure of the catalyst Pt/carbon 
composites (i.e., carbon surface area, Pt particle size, Pt surface area, etc.), but also 
on the secondary structure (i.e., aggregation and agglomeration of carbon grains). 

Catalyst production methods must meet commercial standards for mass 
manufacturing such as scalability, reproducibility, and quality. Conventional MEA 
manufacturing practices involve screen printing, flexographic printing, gravure 
printing, spraying or rolling, and calendering [1]. Electrocatalyst processing falls 
into two distinct manufacturing methods: electrocatalyst powder formation and in 
situ electrocatalyst formation. Powder formation is achieved either by more 
conventional solution precipitation/impregnation techniques or by newer spray- 
based methods such as spray pyrolysis and combustion chemical vapor deposition 
(CCVD). In situ electrocatalyst formation involves forming the composite 
platinum/carbon (Pt/C) catalyst directly on the proton exchange membrane (PEM) 
or gas diffusion layer (GDL) and includes techniques such as physical vapor 
deposition (PVD), chemical vapor deposition (CVD), combustion chemical vapor 
deposition, reactive spray deposition technology (RSDT) and electrochemical 
deposition. The drivers for each process are cost, performance, and reliability, 
which cannot be separated from the MEA because the electrode structure (porosity, 
thickness, catalyst type, ionomer content, kinetic losses, ohmic losses, and 
transport losses) is not only a function of the electrocatalyst itself but also of the 
way in which it is formed or deposited. Raw material cost reduction takes the form 
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of improved catalyst utilization and alternative formulations, while manufacturing 
costs are driven down by reducing the number of processing steps, using 
continuous processing, and avoiding energy- or time-intensive steps such as 
vacuum environments. 

The electrocatalytic activity of Pt/C catalysts is influenced by many factors, 
such as average particle size, relative crystallinity, surface groups, surface 
morphology, and the Pt-C interface [2-6]. Therefore, when Pt/C catalysts are 
prepared using different methods or different carbon supports, many factors can 
influence their electrocatalytic activity, leading to different conclusions. Using 
Pt/C catalysts prepared by different methods, Attwood et al. [7] found that the best 
average size of Pt particles in a Pt/C catalyst for methanol oxidation is about 3 nm. 
Frelink et al. [8] indicated that the electrocatalytic activity of Pt/C catalysts for 
methanol oxidation decreases as the Pt particle size decreases in the range 4.5— 
1.2 nm. Takasu et al. [9] came to a similar conclusion using a Pt catalyst supported 
on glassy carbon electrodes with Pt particle sizes from 7 to 2 nm. Watanabe et al. 
[10] reported that no Pt particle size effect was observed when Pt/C catalysts with 
different sizes of Pt particles on different carbon supports were prepared by the 
same method. 

Direct deposition techniques can have many advantages over bulk ink 
processing techniques. For instance, a thin catalyst layer applied between the 
electrode and electrolyte is in the immediate neighborhood with respect to both the 
proton-conducting membrane and the electrode, and since at high cell current 
densities and gas permeability limitations thick catalyst layers are only active 
closest to the gas supply a thin layer eliminates platinum underutilization [11]. 
Multi-objective optimization techniques are necessary that can uncover Pareto 
optimal fronts and generate several acceptable choices in catalyst layer design or 
processing conditions. In terms of MEA cost reduction, novel electrocatalyst 
production technologies might enable minimization of the production steps 
typically followed in conventional “ink-based” deposition techniques. In situ 
electrocatalyst formation (e.g., by PVD, CVD, RSDT) offers the opportunity to 
reduce the number of steps and therefore the potential to reduce cost (provided the 
new processing costs are not higher) by avoiding ink-based deposition processes 
altogether [12-14]. In most CVD processes the CVD material is formed on the 
surface of a substrate, but in some cases the substrate can react with a deposit to 
form a compound. In cases where powder is desirable, high reaction concentrations 
and temperatures are deliberately used so that homogeneous nucleation will take 
place in the gas phase. The reaction gases in a CVD process are introduced 
separately, or premixed and passed into the reaction area, depending on whether 
the gases will react before they reach the substrate, which is to be avoided unless 
powder formation is desired [15, 16]. 

In this chapter, we review the spray-based powder production method, flame- 
based process, and CVD process for electrocatalyst powder production or direct 
film deposition, and describe the attributes of this process in terms of the nature of 
the catalyst produced, the particle size, and the influences on MEA layer structure, 
performance, and cost. 
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20.2 Spray Pyrolysis Approach 

20.2.1 Current Research Activities 

One of the approaches to producing catalyst material is synthesizing Pt particles on 
a carbon support and then applying a catalyst layer by screen-printing. Ultrasonic 
spray pyrolysis (USP) is an important approach for synthesizing solid-state 
material, is widely applied in the ceramic industry and the field of heterogeneous 
catalysis, and is used to synthesize Pt particles on carbon supports [17]. The 
powders based on spray production are expected to be advantageous in their 
intrinsic catalytic properties and thus to allow higher overall utilization of the noble 
metals. 

In the other approach involving in situ electrocatalyst formation the 
electrocatalyst is not produced as a discrete powder but is formed directly on the 
substrate, such as the PEM, the GSL, or a release layer [18]. Benitzel et al. [19] 
used an electrospray technique to spray catalyst by applying a voltage between 
capillary tubes, in which the ink is forced to flow to the carbon cloth substrate. 

20.2.2 Spray Conversion and Aerosol Routes for Powder Manufacturing 

Spray-based powder production methods fall into one of several classes, depending 
upon the temperature range in which the gas/liquid-to-particle conversion takes 
place. Spray diying (< 150 °C), spray conversion (100-500 °C), and spray 
pyrolysis (> 500 °C) each occur at increasingly higher temperature ranges, and the 
effects on the reagents increase on a continuum from relatively unchanged to total 
chemical conversion. A schematic for the conversion process is given below: 

The spray process begins with a liquid precursor (dissolved or suspended 
reactants) together with a gas, which are then atomized into droplets that exist in a 
controlled droplet distribution range. The atomized spray is injected into a gas 
phase processing unit and heated. The heating step effects the chemical and 
physical transformations of the droplets to the final powder product. Compositions 
and microstractures of the particles are a function of: 

• residence time 

• reactive nature of the droplet 

• temperature 

• gas composition 

A key asset to this process is the ability to stop the reaction/densification/sintering 
of the particles by the use of a quenching agent to rapidly cool the process stream. 
This can be effected by water, cool surfaces, or gas. The value in the process is the 
ability to hold a high temperature for a short period of time while maintaining a 
certain particle size and distribution necessary for the complex composition and 
structuring of an effective catalyst. An added processing bonus is the absence of 
need for any surfactants to disperse carbon during formation, which can introduce 
surface contamination. 
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The electrocatalyst powder is formed by co-deposition of an aqueous precursor 
of platinum (e.g., Pt, PtRu, PtCoNi, etc.) along with a colloidal suspension of the 
carbon support. As the solvent evaporates in the process chamber the precursors 
are chemically and thermally converted into their final form on the surface of the 
carbon support. Simultaneous control over composition and microstructure offers 
important performance optimizations not available with other techniques. 

A schematic representation of the spray pyrolysis processes is provided in 
Figure 20.1(b) and typically involves solvent evaporation, thermally or chemically 
induced reactions, crystal nucleation, and crystal growth. Therefore, this process 
can be used to produce a wide variety of materials compositions, combined with 
uncommon microstructures and morphologies. A key feature of the process is that 
the physical and/or chemical evolution of the particles can be arrested at any stage 
by quenching of the reaction media. 


a. 


b. 



c. 





Initial 

Droplet 


Dried Converted Nanocrtstallma 

Aggregate Pneurur Diversion 


Figure 20.1. a) Schematic representation of spray-pyrolysis process flow; b) schematic 
representation of processes occurring during a spray-based production of unsupported 
materials; c) schematic representation of processes during the spray-based production of 
supported electrocatalysts. (Reprinted with permission of Cabot Corporation.) 

Using these methods, both the composition and the microstructure can be 
varied. It is the combination of these attributes - control over microstructure at a 
number of different length scales and over composition, simultaneously - that is 
extremely important to the performance of the electrocatalyst powder in an MEA. 
The spray-based manufacturing approach can relatively independently vary three 
main characteristics of the powder batch: a) particle size (from an average size 
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below 1 micron to tens of microns - in the case of electrocatalyst powders this is 
the aggregate size (see later this chapter) with mono-, bi-, or tri-modal 
distributions), b) particle microstructure (porous hollow, dense, composite, with 
various compositional distributions), and c) nanosized active phases can be 
deposited within the structure of each particle and the composition of this 
nanodispersed phase can be varied from a single element to a multi-component 
composition. 

From a manufacturing point of view spray-based processes are naturally 
continuous and can be operated in either continuous mode or semi-continuous 
mode. 

In the context of electrocatalyst powder production, this spray-based process is 
better described in Figure 20.1(c). The process involves the formation of an 
aqueous liquid containing chemicals that act as precursors to the desired final 
dispersed phases (e.g., Pt, PtRu, PtCoNi, MnO x ) together with a colloidal 
suspension of the carbon support. This aqueous liquid is converted into an aerosol 
(droplets containing the dissolved or suspended ingredients), the aerosol is 
entrained in a gas stream, the gas is heated, the solvent evaporates, and the 
precursors are thermally or chemically converted into their final form on the 
surface of the carbon support [20]. 

In the case of the electrospray technique, a catalyst is sprayed by applying a 
voltage between a capillary tube, and the high electric field when the solution 
emerges generates a mist of highly charged droplets. During the process, the 
droplets are reduced in size by evaporation of the solvent and/or by “Coulomb 
explosion” (droplet subdivision resulting from the high charge density). In order to 
force the catalytic ink to pass through the capillary tube, a nitrogen pressurized 
tank is used [19]. 

20.2.3 Pt Nanoparticle Preparation via Spray Route 

Spray-based methods can produce carbon-supported electrocatalyst powders with a 
controlled aggregate size and aggregate size distribution. The hierarchical structure 
of an electrocatalyst powder batch is illustrated in Figure 20.2. 

Cabot’s Dynalyst® family of electrocatalysts is designed for use in applications 
ranging from cost-sensitive to performance-driven PEM fuel cell applications. 
Dynalyst® electrocatalyst powders are manufactured to meet specific performance 
requirements based on their structure, composition and precious metal loading in 
the electrode layers. Dynalyst® 20SR1 - 20% Pt/C electrocatalyst has excellent 
electrochemical performance at low precious metal loadings in the MEA. A 
loading of 0.1-0.3 mg Pt/cm 2 in the electrode layer is recommended to achieve 
optimum performance and Pt utilization. 

Dynalyst® 20SR1 - 20% Pt/C electrocatalyst particles are micron-sized 
aggregates with controlled average particle size. Depending on the electrode 
printing method, various powder dispersion methods can be employed such as 
milling and/or sonication. However, extensive milling or sonication may be 
detrimental to the catalyst’s performance. The optimal Nafion®-to-carbon ratio in 
the electrode ink needs to be adjusted depending on the targeted fuel cell operating 
conditions, such as pressure and reactant humidification levels. 
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Figure 20.2. High-resolution TEM image of Dynalyst® electrocatalyst. (Reprinted with 
permission of Cabot Corporation.) 

20.2.4 Morphology of Catalyst Deposited by Spray Pyrolysis 

In spray-based processing routes the processing of electrocatalyst powders can be 
achieved under conditions such that each aggregate has a spherical morphology 
with a size and size distribution that is derived from the size and size distribution 
of the droplets. In the case of the aggregates shown in Figure 20.3, this corresponds 
to an average aggregate size in the range of 1-10 pm. The aggregate size 
distribution can be varied to give a modality that varies from a tight monomodal 
distribution to a broad tri-modal distribution. 

Such control over the average aggregate size at this length scale (1-10 pm) is 
important for at least two reasons. Firstly, the size distribution of the aggregates 
affects the packing characteristics of the particles in the electrode layers. The 
packing characteristics in turn have a strong influence on the pore structure of the 
layer. The pore sizes and pore size distribution in this microporous (sub-micron to 
several micron) size range (dictated by the aggregate size and size distribution) 
have a strong influence on, and offer flexibility in, control over the transport 
characteristics of the electrode layer. This is important to the performance of the 
MEA, especially under high current density operation, as shown in the next 
section. 
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Secondly, the formation of controlled size and size distribution aggregates 
directly from the powder production process is in a range that is suitable for a 
variety of deposition methods. 



Figure 20.3. Structure of electrocatalysts produced by spray-based manufacturing. This 
example shows 20 wt% Pt on Vulcan XC72. (Reprinted with pennission of Cabot 
Corporation.) 

Thus, spray-based synthesis avoids the additional processing steps to control 
the size of the aggregates that are often required for electrocatalysts prepared by 
solution precipitation/impregnation techniques. For example, inks or pastes 
containing electrocatalyst powders produced by solution precipitation routes are 
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often ball milled to convert the wide distribution of aggregate sizes (from 10 pm to 
several mm) to the necessary agglomerate size and thereby form a stable 
suspension for the specific deposition process. This aspect is illustrated in Figure 
20.4, which compares SEM microphotographs and particle (aggregate) size 
distribution data for a conventional (precipitated/impregnated) catalyst and a spray- 
processed one. The milling processing step not only introduces cost, but can also 
lead to materials loss and contamination. Finally, macroporous gas diffusion 
electrodes and MEAs are often achieved by using pore-forming agents, which are 
removed in a subsequent processing step. Through control of the aggregate size 
and size distribution, this step may also be avoided. 

(a) 


(b) 



Figure 20.4. Scanning electron micrographs of a) aggregates obtained in a conventional 
electrocatalyst synthesis and b) aggregate size distribution of the electrocatalyst powders 
obtained by spray conversion. (Images courtesy of NRC-IFCI.) 
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20.2.5 Electrochemical Performance 

Electrocatalyst powders produced by spray-based routes exhibit excellent 
performance characteristics under relatively mild operating conditions and low 
platinum loadings, due to the combination of good dispersion of the PGM over the 
support surface and control over the agglomerate size and distribution. There is 
also an emerging hypothesis that non-traditional electrocatalyst manufacturing 
methods can lead to higher specific activity of the active material. To date this has 
been mainly claimed for methods that involve in situ catalyst formation (i.e., direct 
deposition of the catalyst onto the PEM) [21, 22]. There is also evidence for this 
improved specific and mass activity in electrocatalyst powders prepared by spray- 
based manufacturing methods, as described below. We speculate that the common 
feature of these electrocatalyst production processes that leads to higher specific 
and mass activity compared to solution precipitation/impregnation is that they are 
all based on processes that produce kinetic products rather than thermodynamic 
products. As a result, the increased activity can be explained by a non-equilibrium 
distribution of crystal faces in the active catalyst nanoparticles or by the presence 
of surface defects that have higher activity. It is also possible that the apparent 
mass activity can be explained by higher accessibility of the active catalyst sites in 
the MEAs derived from the newer production methods compared to the traditional 
methods. It is noteworthy that of the processes that lead to higher specific and mass 
activity electrocatalysts, the spray-based process described here is the only 
electrocatalyst powder production process. Support for the increased specific 
activity of supported Pt/carbon catalysts in the oxygen reduction reaction can be 
found when the performance of the electrocatalysts made by the spray method is 
compared to that of conventional electrocatalysts with the same Pt loading under 
otherwise identical conditions (Pt and ionomer loadings in the MEA, anode 
catalyst, printing technique, and test conditions). 

As shown in Figure 20.5, the spray-based electrocatalyst made by Cabot 
Corporation demonstrates a three-fold increase in mass activity (expressed in 
current per mass of Pt) compared to conventionally compared electrocatalysts. 
However, if the activity is compared on a specific activity basis (expressed as 
current per surface area of Pt) the specific activity for the spray-based catalyst is up 
to five times higher (estimate based on the measured surface areas for the spray- 
based catalyst of Pt, 50 m 2 /g and conventional catalysts of 65 m 2 /g Pt by cyclic 
voltammetry). 

A large number of factors are involved in measuring the performance of 
electrocatalyst powders in an MEA. These include both the external operating 
conditions (gas humidity, gas stoichiometries and compositions, temperature, gas 
flow field, gasketing measurement procedure) and the internal composition and 
structural optimization of the MEA (ionomer content, ionomer distribution, 
electrode layer thickness, nature of the gas diffusion layer, assembly conditions 
etc.) [23]. 
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Figure 20.5. Comparison of hydrogen/air polarization curves for spray-based and 
conventional electrocatalysts at 0. 2 mgPt/cm 2 cathode loadings; anode catalyst is identical 
at 0.05 mgPt/cm 2 . Single 50 cm 2 cell PEM MEA performance measured at 50 °C and 
atmospheric pressure at constant flow, corresponding to stoichiometry of 1.2 for hydrogen 
and 2.2 for air at 1 A/cm 2 , and with 100% humidification of the gases, Nafion 112 
membrane. (Reproduced with permission of Cabot Corporation.) 

20.2.6 Electrocatalytic Activity and Stability of Pt-based Catalysts 

A typical electrochemical performance of 20 wt% Pt/C spray pyrolysis prepares 
the electrocatalyst in oxygen and air, as shown in Figure 20.6 under the conditions 
indicated. A comparison of the performance in oxygen versus air shows that good 
kinetic performance is maintained over the ohmic- and transport-loss regions. The 
close proximity of the polarization curves in oxygen and air is an indication of 
minimal losses due to transport limitations, especially at high current densities. We 
speculate that the good performance at high current density is based on control 
over the aggregate structure of the electrocatalyst powder. Experimental 
verification of this hypothesis comes from the results shown in Figure 20.7, where 
the only difference between the two measurements is in the change in aggregate 
structure of the electrocatalyst powder. Clearly there is no change in performance 
in the kinetically limited regime, but there is a strong drop in performance in the 
ohmic and transport-limited regions. 
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Figure 20.6. Performance of a spray-manufactured electrocatalyst: polarization and power 
density curves for a single MEA PEM fuel cell with a 20 wt% Pt/Shawinigan black 
electrocatalyst employed as cathode catalyst at 0.2 mg Pt/cirf loading. Performance 
measured at 50 °C at atmospheric pressure in a 50 cm 2 cell at constant flow corresponding to 
stoichiometry of 1.2 for hydrogen and 2.2 for air at 1 A/cm 2 , and with 100% humidification 
of the gases. Nation 112 membrane. (Reproduced with permission of Cabot Corporation.) 



Figure 20.7. Effect of the aggregate structure on the performance of a spray-manufactured 
electrocatalyst: polarization density curves for a single MEA fuel cell with a 20 wt% 
Pt/Shawinigan electrocatalyst employed as cathode catalyst at 0.2 mg Pt/cuf loading for the 
original powder and the powder in which the aggregate structure was crushed intentionally. 
Performance measured at 50 °C in a 50 cm 2 cell at atmospheric pressure and constant flow 
corresponding to stoichiometry of 1.2 for hydrogen and 2.2 for air at 1 A/cm 2 , and with 
100% humidification of the gases, Nafion 112 membrane. (Reproduced with permission of 
Cabot Corporation.) 
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Long-term durability under cycling protocols is shown in Figure 20.8. The 
following test conditions have been applied: 50 cm 2 MEA, cycling under FL/air at 
80 °C and 100 RFI between 0.7 and 0.9 V IR-free voltage (30 s hold under each 
potential), combined with periodical evaluation of the Pt surface area using cycling 
voltammetry and performance. Pt alloy catalyst prepared by spray pyrolysis shows 
a 30% loss of surface area after 20,000 cycles, and no further loss is observed until 
30,000 cycles, while the Pt-supported catalyst shows loss even after 30 cycles. 
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Figure 20.8. Long-term durability under cycling protocols. (Reproduced with permission of 
Cabot Corporation.) 


20.2.7 Typical Examples Analysis 

Cabot is developing electrocatalyst materials through design, development, and 
production to create a highly reproducible, low-cost, high-volume electrocatalyst 
powder manufacturing process based on spray conversion technology, a unique 
manufacturing and development platform. 

Using this platform, Cabot can achieve unparalleled control over dispersion, 
composition and microstructure, leading to unrivaled electrochemical performance. 
In the spray conversion process, feedstock, comprising a liquid containing 
dissolved non-volatile precursors and suspended solids, is atomized to form 
droplets and the droplets are heated to form powders. Through control over the 
temperature and time history during the processing of the droplets, the 
characteristics of the final particles, such as microstructure, morphology, 
crystallinity, catalyst dispersion, and porosity, can be precisely controlled. From a 
manufacturing point of view spray-based processes are naturally continuous and 
can be operated in either continuous or semi-continuous mode with specified batch 
volumes to optimize raw material traceability. The key parameters, such as 
residence times and temperature distributions, are well understood and modeled. 
This ensures the scalability of this manufacturing approach and reproducibility of 
the materials characteristics. Many unique compositions and microstructures 
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unattainable by conventional techniques can be synthesized by Cabot’s spray 
conversion technology, with few limitations on types of supports and metal 
precursors. 

Most of the typical electrocatalyst compositions derived by conventional 
precipitation/impregnation routes can also be produced. Figure 20.9 shows a 
Cabot-based production method. 
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Figure 20.9. Cabot’s spray-based powder production platform. (Reproduced with 
permission of Cabot Corporation.) 


20.3 Deposition of Catalyst Layer by CVD 

In 1890, high-purity nickel was deposited by Mond in the first reported metal- 
organic chemical vapor deposition process. With regard to the platinum group 
metals, Marboe et al. [24] first described (1947) the deposition of platinum, but it 
was the work of Rand et al. [25, 26] that marked the actual starting point of 
detailed noble-metal CVD studies. The first attempts at noble-metal deposition in 
the absence of a carrier gas gave films containing important amounts of impurities. 
Girolami and co-workers later reported the synthesis of high-quality palladium and 
platinum films, still without using a carrier gas, and showed the great importance 
of choosing the right precursor complexes [27]. At the same time, the groups of 
Kaesz and Puddephatt described noble-metal deposition using a reactive gas such 
as dihydrogen or dioxygen [28, 29]. As a result, high-purity depositions were 
obtained along with dramatic decreases in the temperature of deposition. However, 
despite the excellent results reported concerning thin-film deposits on planar 
substrates (mainly for electronics applications), relatively few studies on CVD of 
catalytic materials have been reported. Dossi and co-workers have prepared 
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palladium and platinum/zeolite catalysts by adsorption of organometallic 
complexes from a gaseous phase, the supported materials then being heated in an 
H 2 /He flow at high temperature [30-32]. 

20.3.1 Current Research Activities 

In order to improve catalyst activity, it is important to reduce the size of metal 
particles. As mentioned in recent literature [33], chemical vapor deposition (CVD) 
is a promising process for the preparation of nano-sized catalyst particles. The use 
of multiwalled carbon nanotubes as a platinum support for proton exchange 
membrane fuel cells has been investigated as a way to reduce the cost of fuel cells 
through an increased utilization of platinum. Decreasing the amount of Pt used in a 
PEMFC via increasing the utilization efficiency of Pt has been one of the major 
concerns during the past decade [34]. Growing carbon nanotube arrays directly on 
the carbon paper and then subsequently electrodepositing the Pt selectively on the 
carbon nanotubes promises to improve Pt utilization by securing an electronic 
route from Pt to the supporting electrode in a PEMFC. 

Carbon nanotubes (CNTs) are key materials in nanotechnology, and many 
researchers have reported CNT growth methods such as arc discharge [35], thermal 
CVD [36], hot-filament assisted CVD [37], plasma CVD [38], and laser assisted 
production [39]. Considering the thermal CVD method alone, many different 
carbon sources could be used, such as hydrocarbons (acetylene, ethane, methane) 
[36], carbon monoxide (CO) [40], and alcohol [37]. Catalytic metals such as iron, 
molybdenum, cobalt, and nickel, and their mixtures, are popular means of CNT- 
CVD growth. Furthermore, how the catalytic metal is coated onto the substrate is 
an important consideration, for which the choices include the use of sputtered pure 
metal films, metal-complex solutions, and zeolite for the supported materials [41]. 
It is also important to control the diameter of CNTs; the diameter strongly depends 
on the size of the catalytic metal particle and therefore on the thickness of the 
metallic thin films formed with sputtered metal atoms. It has been reported that the 
quality of CNTs mainly depends on the initial stage of nucleation [42, 43]. 
Generally, there are two categories of carbon nanotubes: single-walled nanotubes 
(SWNTs) and multiwalled nanotubes (MWNTs). MWNTs should have a relatively 
high electrical conductivity. 

For catalysts used at the anode of a DMFC, Pt-Ru nanoparticles deposited on 
CNTs have attracted a great deal of attention due to the renowned Pt-Ru bi- 
functional mechanism for methanol oxidation and CO oxidation, and the unique 
characteristics of CNTs [44-47]. 

At Argonne National Laboratory, they are exploring a novel approach of 
preparing Pt-free electrocatalysts based on recent efforts at synthesizing aligned 
carbon nanotubes (ACNT) through a CVD process [48]. The nanotube diameter 
can be varied from 10 to 100 nm with the orientation perpendicular to the 
substrate. The geometry and shape of the nanotube depends on the CVD conditions 
and the precursor. The CVD mixture is composed of an inexpensive, volatile TM 
organometallic compound such as Fe or Co metallocene, a hydrocarbon, and a 
carrier gas of FF/Ar. At elevated temperatures, the organometallic decomposes to 



Spray-based and CVD Processes for Synthesis of Fuel Cell Catalysts 931 


form a catalytic center on the substrate that catalyzes the hydrocarbon into a 
graphene sheet, which subsequently folds into a nanotube. 

20.3.2 Film Formation from Vapor Phase by CVD 

In most CVD processes the CVD material is formed on the surface of the substrate, 
but in some cases the substrate can react with a deposit to form a compound. 
Conventionally, the CVD method is performed in the presence of transition metal 
catalyst particles supported on a substrate. The CVD method enables the selective 
production of MWCNTs or SWCNTs, depending on the reaction chemistry and 
process parameters, such as temperature. Furthermore, pre-determined CNT 
structures can be formed via catalyst patterning on the substrate [see, e.g., 49-51]. 
Alternatively, the catalytic CNT synthesis can be performed in the gas phase 
without support material [52, 53]. 

The CVD synthesis is carried out in multiple steps. The first step involves the 
introduction of the catalyst or catalyst precursor on the support. This can be 
realised, for example, by impregnating the substrate with metal-containing 
precursor solution, by sputtering a thin metal layer, or by dispersing metal- 
containing organic carriers on the substrate. The second step is a heat treatment, 
which results in either the thermal decomposition of the metal-containing precursor 
compounds, fracturing the sputtered metal film, or the removal of the organic 
carrier by combustion, yielding metal or metal oxide particles at the substrate 
surface. Subsequently, the CNT growth proceeds in the presence of the carbon 
source or, in the case of metal oxide particles, is preceded by reduction in a 
hydrogen (H 2 ) atmosphere. 

Carbon-containing molecules, ranging from carbon monoxide (CO), alcohols, 
and hillerenes to aliphatic and aromatic hydrocarbons, can be used as sources of 
carbon [49, 54]. At low partial pressures of the carbon source, SWCNTs are 
formed, whereas higher vapor pressures lead to MWCNTs. The use of oxygen- 
containing species such as water or alcohol has been shown to enable the synthesis 
of high-purity SWCNTs. This was proposed to improve the efficiency of SWCNT 
production, as it prolongs the catalyst lifetime by removing amorphous carbon 
from the particle surface [51]. The method is a batch process, where the CNT 
growth continues for a set reaction time and the product is collected from a 
substrate or the reactor walls after cooling. The reaction times vary from minutes to 
hours and the reactor temperatures are commonly 600-1200 °C. 

The supported CVD method enables the formation of ordered free-standing 
SWCNT mats with thicknesses up to 2.5 mm, and individual SWCNTs as long as 4 
cm, at growth rates of 250 and 66 pm/min, respectively [51]. The formation of 
SWCNTs generally takes place when the catalyst particle diameter is less than 5 
nm [49]. Nanoparticles of iron, nickel, cobalt, or molybdenum, either alone or as 
mixtures, are most commonly used as catalysts in CNT production [49]. The 
suitability of transition metals as catalysts for CNT synthesis is due to their various 
physical and chemical properties, including melting temperature, equilibrium vapor 
pressure and carbon diffusion rate in the metal, and on their ability to catalyze the 
carbon source decomposition reaction. The high solubility of carbon in transition 
metals is regarded as one of the most important factors enabling their use as 
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catalysts in the production of CNTs. The higher yield of CNTs with bi-metallic 
catalysts has been attributed to particle melting point reduction, increase in the 
carbon solubility, and the formation of well-dispersed metal clusters upon 
segregation during CNT formation. 

In gas-phase CVD synthesis, formation of both the catalyst particles and the 
SWCNT takes place in the gas phase and the product is ideally collected from the 
gas phase by aerosol particle collection methods, such as filters and cold collectors 
[53]. The catalyst particles are most commonly formed by thermal decomposition 
of gaseous organometallic precursor compounds, such as ferrocene, cobaltocene, 
and iron pentacarbonyl [52, 53]. Solid precursors are vaporized prior to transport 
into the reactor. Liquid precursors can be introduced either as vapor by way of 
saturating the carrier gas or as droplets [52]. The catalyst precursor vapor thermally 
decomposes in the heated reactor and subsequently forms the catalyst nanoparticles 
via nucleation, condensation, and coagulation processes. Additionally, colloidal 
solutions of metal particles have been used as catalysts by injecting them into the 
reactor [55]. Similar to the supported CVD method, the gas-phase method uses 
nanometer-sized transition metal particles as catalysts, and the distribution of the 
SWCNT diameters correlates with the size distribution of the catalyst particles [56, 
57]. The selection of appropriate carbon sources is similar for both the gas-phase 
and supported CVD methods, i.e., acetylene, CO, ethanol, benzene, toluene, etc. 
have been used [e.g., 10, 53, 54]. The addition of a sulfur-containing additive, 
thiophene, has been claimed to promote CNT growth due to a reduction in the 
melting temperature of the metal-sulfur particles, or modification of the catalyst 
particle surface [55]. One of the main differences between the supported and gas- 
phase CVD methods is the residence time, which in the gas-phase method is in the 
order of seconds. Laminar flow reactors are generally used. However, turbulent jets 
and water-cooling injectors have been used to enhance catalyst and carbon 
precursor mixing in an attempt to control catalyst particle size [53]. 

The gas-phase synthesis of SWCNTs has been coupled on a few occasions with 
product collection directly from the gas phase, e.g., with filters and cold collectors 
[52]. More commonly, the product is collected from the reactor surfaces after 
cooling. This, however, allows catalyst nanoparticle and SWCNT nucleation and 
growth at the reactor surfaces in a manner similar to the supported CVD method. 

In conventional gas-phase CVD, catalyst particle formation takes place 
simultaneously with carbon source decomposition and SWCNT formation in the 
reactor. Ferrocene decomposition (465 °C) and CO disproportionation (preferably 
400-900 °C) take place at similar temperatures, which prevents excessive catalyst 
particle growth before disproportionation takes place. The most efficient SWCNT 
formation from CO in the gas-phase CVD method was obtained with ferrocene as 
the catalyst precursor at 700-900 °C, i.e., at conditions corresponding to the 
smallest mean catalyst particle size (as described in more detail later), and most 
efficient CO disproportionation reaction. The morphology of the catalyst 
nanoparticles depended on the gas atmosphere in the reactor. The presence of H 2 
during ferrocene decomposition resulted in the formation of catalyst particles with 
larger primary sizes. Figure 20.10 shows the schematic of a chemical vapor process 
in which a thin-film metal catalyst is used. 
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Figure 20.10. Two growth modes commonly observed in CVD: a) tip growth and b) base 
growth [62], (Reproduced with permission from Teo KBK, Lacerda RG, Yang MFi, Teh AS, 
Robinson LAW, Dalai SFi, et al. Carbon nanotube technology for solid state and vacuum 
electronics. IEE Proc-Circuits Devices Syst 2004; 151 (4):443—51.) 

At the growth temperature, the metal sinters to form nanoclusters due to the 
cohesive forces of the metal atoms. Two types of growth are possible, based on the 
metal interacting with the substrate (cf. wetting or non-wetting of the metal with 
the surface): base growth or tip growth [58, 59] as shown in Figure 20.10. As the 
catalyst decomposes the hydrocarbon gas, the carbon dissolves in the catalyst and 
precipitates out from its circumference as the CNT [58]. Carbon tubes, in contrast 
to a solid carbon filament, tend to form when the catalyst particle is 50 nm or less 
because if a filament of graphitic sheets were to form, it would contain an 
enormous percentage of “edge” atoms in the structure. These edge atoms have 
dangling bonds, which make the structure energetically unfavorable. The closed 
structure of tubular graphene shells is free of dangling bonds and provides a stable 
solution to this problem, and hence the CNT is the energetically favorable and 
stable structural form of carbon at these tiny dimensions [60]. Thus, the catalyst 
acts as a “template” from which the CNT is formed, and by controlling the catalyst 
size and reaction time, one can easily tailor the CNT diameter and length, 
respectively, to suit [61]. 

20.3.3 Morphological and Microstructural Stability 

Since CVD-based techniques are free of carbonaceous particles they allow the 
direct growth of CNTs on substrates. In the work of K.B.K. Teo et al., carbon 
nanotube growth was performed by adding acetylene to the NH 3 gas flow (at a 
ratio of typically 20%) for 15 min [62]. If exactly the same catalyst and growth 
conditions are used in the presence of a plasma discharge (i.e., PECVD), vertically 




934 R. Marie 


aligned carbon nanotubes are grown on the substrate as shown in Figure 20.11(b). 
The nanotubes align vertically during growth because of the presence of a 
perpendicular electric field from the plasma sheath on the substrate surface [63]. 



Figure 20.11. (a) Thermal CVD process, which produces a curly carpet of CNTs as seen 
here. Some areas on the substrate in (a) did not have catalyst, resulting in a “crop-circle” 
effect at the micrometer scale, (b) When plasma-enhanced CVD is used, the CNTs align 
vertically during growth to give straight structures as seen in (b). This is believed to be due 
to the electric field inherent in the plasma sheath, which guides the CNTs upwards during 
growth [62], (Reproduced with permission from Teo KBK, Lacerda RG, Yang MH, Teh AS, 
Robinson LAW, Dalai SH, et al. Carbon nanotube technology for solid state and vacuum 
electronics. IEE Proc-Circuits Devices Syst 2004; 151(4):443—51.) 


In the work of Ming-Chi Tsai et al. CNTs were grown directly on 
polytetrafluoroethylene (PTFE)-treated carbon cloths (10x20 mm 2 , Electrochem, 
Inc.) via a thermal CVD process [64]. Prior to the process, a thin layer of 30 nm Ti 
followed by 10 nm Ni were deposited on carbon cloths by electron gun 
evaporation. The Ni layer acted as a catalyst for growing CNTs, and the Ti thin 
film was a buffer for enhancing the adhesion of Ni and the subsequently grown 
CNTs onto the fibers of the carbon cloths. The prepared specimens were then 
placed into a tube furnace and thermally treated at 800 °C for 10 min under a 
mixed-gas atmosphere of 200 standard cubic centimetres per minute (seem) Ar and 
200 seem NH 3 . A 30 seem ethylene gas stream as a carbon source, along with a gas 
mixture of 280 seem Ar and 90 seem NH 3 , were then introduced into the furnace at 
800 °C for 10 min. The furnace was then cooled down to ambient temperature 
under Ar atmosphere. Prior to the electrodeposition of Pt or Pt-Ru nanoparticles, 
all the specimens with CNTs directly grown on carbon cloths (CNT/CC) 
underwent a hydrophilic treatment at 50 mV s 1 for 100 cycles with potential 
ranging from -0.25 to +1.25 Vsce in an Cb-saturated 2 M H 2 SO 4 aqueous solution 
at ambient conditions. With a three-electrode electrochemical system, Pt or Pt-Ru 
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nanoparticles were electrodeposited onto the foregoing specimens via a 
potentiostatic approach at two different applied potentials. The surface 
morphologies of the Pt and Pt-Ru particles deposited on CNTs is show in Figure 
20.12. In general, cubic, hexagonal, and some triangular-shaped nanoparticles of 
~4.48 to ~9.49 nm in diameter were observed in the case of pure Pt deposition, 
according to histogram analyses (Figures 20.12 (a) and (c)). This suggested that 
these nanoparticles bear the structures of cubes, truncated octahedrons, and 
tetrahedrons. In the cases of samples with Pt-Ru, particles of sizes ranging from 
4.80 to 5.22 nm with few agglomerations are seen in Figures 20.12 (b) and (d). It 
was speculated that the agglomerations of Pt-Ru nanoparticles were due to the co¬ 
deposition of Ru, which enhanced the agglomeration of Pt in the EG-containing 
electrolytes. 



Figure 20.12. TEM micrographs of working specimens with Pt (a) and (c), and working 
specimens with Pt-Ru (b) and (d) [64], (Reproduced from Electrochemistry 

Communications, 8(9), Tsai MC, Yeh TK, and Tsai CH, An improved electrodeposition 
technique for preparing platinum and platinum-ruthenium nanoparticles on carbon 
nanotubes directly grown on carbon cloth for methanol oxidation, 1445-52, ©2006, with 
permission from Elsevier.) 

20.3.4 Electrochemical Performance and Catalytic Activity 


From the work of Ming-Chi Tsai et al. it was found that nanosized catalysts in the 
form of pure Pt (~4.5 to ~9.5 nm) or Pt-Ru (~4.8 to 5.2 nm) particles were 
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successfully electrodeposited on the surfaces of CNTs by potentiostatic 
electrodeposition in mixed ethylene glycol and H 2 S0 4 aqueous solutions [64]. The 
measured loadings of Pt and Pt-Ru catalysts on the CNT/CC specimens (referred 
to hereafter as the “working specimens”) are shown in Table 20.1. Loadings of Pt 
and Ru on these specimens ranged from 61.4 to 307.8 pg cm 2 and from 17.1 to 
95.0 pg cm 2 , respectively. Furthermore, it was found that the loadings of both Pt 
and Ru deposited at -0.45 Vsce were actually larger than those deposited at 
-0.30 V S ce (A02 versus B02, and A01 versus B01), in spite of possible 
interference from hydrogen evolution. In comparison, the loading of Pt on A02 was 
less than that on A01, which was probably due to the simultaneous presence of the 
Ru precursor salt during the electrodeposition process. However, this effect did not 
occur in the case of electrodeposition at -0.45 Vsce, and might be attributed to a 
much better reduction efficiency of the Pt and Ru precursor salts at this potential 
[65], 

Table 20.1. Estimated loadings and atomic ratios of Pt and Pt-Ru on A01, A02, B01, and 
B02 specimens [64], (Reproduced from Electrochemistry Communications, 8(9), Tsai MC, 
Yeh TK, and Tsai CEI, An improved electrodeposition technique for preparing platinum and 
platinum-ruthenium nanoparticles on carbon nanotubes directly grown on carbon cloth for 
methanol oxidation, 1445-52, 2006, with permission from Elsevier.) 


Specimen 

Catalyst loadings (pg cm-2) 

Pt:Ru (at%) 


Pt 

Ru 


A01 

76.3 

- 

- 

A02 

61.4 

17.1 

1:0.54 

B01 

115.1 

- 

- 

B02 

307.8 

95.0 

1:0.59 

J-M 

582 

195 

1:0.65 


On the other hand, the loadings of Ru deposits were lower than those of Pt deposits 
at both deposition potentials. In addition, the Pt-Ru catalysts electrodeposited on 
CNT/CC formed solid solutions, as confirmed by XRD analyses [65]. Through the 
electrochemical tests of methanol oxidation on the working specimens, it was 
found that the specimens with Pt-Ru catalysts exhibited better electroactivity 
(current density of methanol oxidation per unit Pt loading mass) than the 
specimens with only Pt (Figure 20.13). Direct electrooxidation is a very complex 
reaction because many intermediate species are involved. In an acidic medium this 
reaction requires platinum-based catalysts, even though Pt exhibits rather low 
activity [66]. 

Furthermore, the working specimen with Pt-Ru catalysts electrodeposited at 
-0.45 Vsce revealed better electrochemical characteristics than the others in terms 
of mass activity and suppression of CO poisoning, and it proved to be a better 
electrode for methanol oxidation [64]. The electrochemical characteristics of 
methanol oxidation on the prepared specimens were analyzed by cyclic 
voltammetry in mixed methanol and sulfuric acid solutions. The physical 
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chemistry performance of the Pt-Ru/CNTs electrode in the aspects of mass activity 
(normalized current density of methanol oxidation vs. Pt loading), 542.6 A/g cm 2 , 
and i f li b value (the ratio of forward peak current density to reverse peak current 
density), 13.36, was superior to that of the commercial Pt-Ru/C electrode with a 
mass activity of 168.3 A/g:cm 2 and an i fli b value of 10.66. 




Figure 20.13. Cyclic voltammograms of the (a) A01, A02, B01, and (b) B02 and J-M 
specimens at 20 mV s—1 in N 2 -saturated 0.5 M EESO4 + 1 M CEhOH aqueous solutions. 
The electrochemical tests were conducted under ambient pressure and a controlled 
temperature of 30 °C and the CV curves were taken from the fifth cycle [64], (Reproduced 
from Electrochemistry Communications, 8(9), Tsai MC, Yeh TK, and Tsai CFl, An 
improved electrodeposition technique for preparing platinum and platinum-ruthenium 
nanoparticles on carbon nanotubes directly grown on carbon cloth for methanol 
oxidation, 1445-52, ©2006, with permission from Elsevier.) 




938 R. Marie 


The electrochemical properties of the Pt/MWCNT composites and the 
PtRu/MWCNT composites prepared with the initial weight ratio of 
R 11 CI 3 • 3 H 20 :H 2 PtCl 6 • 6H 2 0:MWCNTs of 1:2:2 under the initial C0 2 pressure of 
6.5 MPa were presented by An et al. [67]. The cyclic voltammograms (CVs) of the 
Pt/MWCNT and the PtRu/MWCNT electrodes in 0.5 M N 2 -saturated H 2 S0 4 
solution are displayed in Figure 20.14. The Pt/MWCNT electrode exhibits several 
redox peaks at negative potentials for the hydrogen adsorption-desorption and one 
pair of voltammetric peaks at positive potential for the redox process of platinum 
(solid line), which is characteristic of a typical platinum electrode. These redox 
peaks were not clearly recorded at the PtRu/MWCNT electrode (dotted line) 
because of the co-existence of ruthenium, which is consistent with the peaks of the 
PtRu electrode. 



Figure 20.14. Cyclic voltammograms (CVs) at Pt/MWCNT (solid line) and PtRu/MWCNT 
(dotted line) electrodes in 0.5 M N 2 -saturated H 2 SO 4 solution. Scan rate: 100 mV/s. 

Figure 20.15 compares the CVs for methanol oxidation at the PtRu/MWCNT 
(dotted line) and Pt/MWCNT (solid line) electrodes in 0.5 M H 2 S0 4 . CVs at the 
PtRu/MWCNT electrode are relatively different from those obtained at the Pt/CNT 
electrode; at the former electrode, CFI 3 OFI oxidation occurs at a potential more 
negative (—190 mV) than that at the Pt/MWCNT electrode (solid line), indicating 
that the co-existence of Ru accelerates the electron-transfer kinetics for CH 3 OH 
oxidation. 

Moreover, at the PtRu/MWCNT electrode only one peak was recorded for 
CH 3 OFI oxidation, demonstrating that there is almost no electrode fouling from the 
carbon monoxide (CO) produced during the oxidation process. The observed low 
overpotential and the diminished electrode fouling at the PtRu/MWCNT electrode 
could be elucidated in terms of the bifunctional mechanism described by Watanabe 
et al., in which Ru was proposed to be able to promote the oxidation of strongly 
adsorbed CO on Pt by supplying an oxygen source (Ru-OFl ad ) [ 68 ]. In Watanabe’s 
work the alloy anode exhibits a lower saturated coverage with CO than does pure 
Pt. Linear CO is observed predominantly on the alloy electrode, differing from 
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both linear and bridged CO beside COOH on pure Pt [68]. The negative shift of the 
wave number for the linear CO stretching and the broadening of the half-wave 
width at the alloy also indicate the weakening of metal-CO bonding and the 
increased mobility of the adsorbed CO, respectively. As a presumable effect of the 
electronic structure change at the Pt skin, the dissociation/oxidation of adsorbed 
water as well as the formation of adsorbed HOOH species are clearly observed 
beyond 0.6 V in an electrolyte solution without CO [68]. The mechanism of CO 
tolerance at the Pt skin on top of the alloy surface with an increased d -band 
vacancy is supported by the present SEIRAS data, as the “detoxification 
mechanism” is featured by an increased mobility of the adsorbed CO with 
suppressed coverage. 



Figure 20.15. CVs for the oxidation of methanol on Pt/MWCNT (solid line) and 
PtRu/MWCNT (dashed line) electrodes in 0.5 M H 2 S0 4 solution containing 1 M methanol. 
Scan rate: 20 mV/s. 

20.3.5 Typical Examples Analysis 

Current carbon-supported, fine-particle dispersed catalysts have fundamentally 
limiting issues due to carbon corrosion and the instability of nanometer particles. 
More recently some new catalyst structures were used to increase the catalytic 
efficiency. For example, 3M Corporation used a nanostructure electrode [69, 70]. 
In this structure, an acicular nanopolymer whisker supports deposited acicular 
nanoscopic catalytic particles. At first, an organic material is deposited on a 
substrate. Then the deposited layer is annealed in a vacuum and forms a dense 
array of acicular nanopolymer whiskers. The preferred length of the whiskers is 
equal to or less than 1 micrometer. Then, catalyst thin film is deposited on the 
supporting whiskers. The diameter of the catalyst particles is less than 10 nm and 
the length is less than 50 nm. In a Pt and Ru loading range of 0.09-0.425 mg/cm 2 . 
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the fuel cell obtained satisfactory catalytic efficiency. However the process is 
complicated by non-electrical conducting nanopolymer whiskers and transferring 
the catalyst coated polymer whisker layers onto carbon electrodes. The 3M typical 
whisker structure is shown in Figure 20.16. 



Figure 20.16. As-grown 3M, PR 149 whiskers. (Image reproduced courtesy of 3M 
Corporation.) 


The crystal growth occurs via an emergent screw dislocation on the whisker tip. 
The surface morphology of the thin-fdm catalyst coating is process- and material- 
dependent. The volume of the catalyst coating depends on the material density and 
mass loading. The mass specific area or m 2 /g of the catalyst depends on the 
geometric surface area (diameter and length) of the PR 149 whiskers. The intrinsic 
roughness of the catalyst coating contributes to the surface area as well. In the 3M 
structure the catalyst coated whiskers are transferred to the PEM from the 
microstmctured substrate. This forms a catalyst coated membrane (CCM). 

The catalyst support contains no carbon black and the organic pigment is EC- 
stable. The catalyst support is a high aspect ratio crystalline whisker. 

A current baseline performance standard or 3M catalyst with 0.15 mg Pt/cm 2 
total per MEA is shown in Figure 20.17. The combined effect of the reduced 
microstructured feature size of the NSTF substrate and the reduced anode loading 
allows over 500 mV at 2 A/cm 2 and 150 kPa inlet pressure for the first time. The 
3M catalyst demonstrates a ten-fold gain in catalyst specific activity: < 0.3 g 
Pt/kW, equivalent or higher mass activity combined with durability. 
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Figure 20.17. Electrochemical performance of 3M structure. (Image reproduced courtesy of 
3M Corporation.) 


20.4 Flame-based Processing 

Recent advances in aerosol and combustion science and engineering now allow 
scalable flame synthesis of mixed oxides, metal salts, and even pure metals in the 
form of nanoparticles and films with closely controlled characteristics [71-76]. 
Flame processes are classified into vapor-fed and liquid-fed, depending on the 
employed state of the metal precursor [77]. Liquid-fed flame processes are 
distinguished for their flexibility in producing materials of various compositions 
and morphologies that result in unique product functionalities. 

The general principle behind flame synthesis of materials is the decomposition 
and oxidation of evaporated metal precursors in a flame, thereby forming stable 
metal-oxide monomers followed by nucleation, aggregation/agglomeration and, to 
some extent, coalescence of aggregated nanoparticles. These flame-produced 
materials are in many cases attractive since they are formed directly in one step. In 
contrast to wet-chemistry synthesis routes, there is no need for a calcination step in 
order to obtain the desired crystal phases, because these phases are formed directly 
at the high temperature conditions in the flame. Thus, flame synthesis is a flexible 
synthesis method where the product properties can be tuned by changing the 
composition of the precursor gas and the flame operating conditions. The specific 
surface area of particles can to some extent be controlled by quench-cooling the 











942 R. Marie 


product gas after a short residence time in the flame [78]. Thus, there are mainly 
the following process variables: flame peak-temperature, residence time at elevated 
temperature, and precursor loading/composition. Standard chemical engineering 
tools such as flame reactor design and computational fluid dynamics (CFD) are 
important tools in terms of optimizing the process properties and product 
properties. For the conventional industrial application of flame synthesis, that is the 
production of, e.g., titania and carbon black, the product particles are collected on 
filters and packed for shipping [79]. Flowever, flame processes can be applied 
directly in additional product or process engineering concepts: flame synthesis of 
composite metal oxides and catalysts; formation of membrane layers by deposition 
of nanoparticles from the gas phase; coating of substrate surfaces; and preparation 
of catalyzed hardware, e.g., applying the catalyst directly on the process equipment 
and surfaces of otherwise standard unit operations [80]. 

20.4.1 Current Research Activities 

Depending on the final application and on the available metal precursors, several 
flame synthesis methods are available. In each case, except for spray flames where 
the solvent is the main fuel, the fuel is either methane or hydrogen and the oxidant 
is air or oxygen-enriched air: 

• diffusion flames : fuel, oxidant, and evaporated metal precursor in a carrier 
gas are fed through separate tubes/annuli of concentric tubes [76, 77]; 

• premixed flames', fuel, oxidant, and evaporated metal precursor are mixed 
and fed to a flat flame [80, 81]; 

• premixed flames with precursor jet. a jet of evaporated metal precursor in a 
flow of carrier gas is injected into a flat, premixed fuel/oxidant flame [82, 
79]. 

• spray flames', an organic solution of one or more metal compounds is fed to 
an air-assisted spray nozzle where the generated aerosol-jet is combusted 
using supporting hydrogen flames [71]. 

Other flame types such as the counter-diffusion flame can be used [73]. In all 
cases, particles are formed once the volatile metal compounds are converted to 
stable metal oxide or metal nanoparticles in the high-temperature environment of 
the flame. 

nGimat developed a flame process called chemical combustion vapor 
deposition (CCVD) to deposit catalyst particles for FC application [83]. The 
CCVD process can in one step directly make both the electrocatalyst and the 
electrode on a gas-diffusion layer or membrane substrate. Reducing process steps 
to form the electrocatalyst layer can greatly reduce processing costs and increase 
production throughput with the simple, low-cost CCVD process. nGimat 
demonstrated the ability to make Pt- and Ru-containing electrocatalyst layers that 
demonstrate similar performance to commercially available E-TEK PtRu materials. 
The CCVD process is based on nGimat’s NanoSpray SM Combustion Processing 
technology. In the process, precursors (metal-bearing chemicals used to coat an 
object) are first dissolved in a solution, which typically is a combustible fuel. This 
solution is then atomized to form microscopic droplets by means of nGimat’s 
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proprietary Nanomiser® device. These droplets are next carried by an oxygen 
stream to the flame where they are combusted. A substrate (the material being 
coated) is coated by simply drawing it in front of the flame. The heat from the 
flame provides the energy required to vaporize the droplets and for the precursors 
to react and deposit on the substrate. One of the strengths of the CCVD process is 
the variety of deposited materials and substrates that can be utilized. 

The National Research Council of Canada’s Institute for Fuel Cell Innovation 
(NRC-1FC1) is developing a new concept in fuel cell spray deposition technology, 
for a thin-film catalyst layer directly deposited on the ionomer membrane with a 
flame spraying process called reactive spray deposition technique (RSDT) [84]. 
One of the ways RSDT differs from CCVD, which is an open atmosphere flame- 
based deposition technique, is in the method used to produce the heat necessary for 
atomization as well as solution storage and delivery. RSDT allows the possibility 
of actually passing a supercritical solution into an atomizer rather that having the 
atomizer take a solution to the supercritical point in the nozzle prior to exiting as a 
spray. 

In flame synthesis of metal oxide particles, the residence time and temperature 
of the flame zone must be sufficient to transform the volatile precursors into oxide 
molecules and to reach the desired crystalline structure of particles formed by the 
collision/coalescence process. Further exposure to high temperature results in loss 
of valuable surface area by sintering, but this can be avoided using quench-cooling. 

20.4.2 Atomization Process 

In the flame process after dissolving Pt and Pt precursors in appropriate solvents, 
the solution is sprayed through a nozzle to produce micron-sized droplets that burn 
out in a flame, resulting in metal atoms and/or metal oxide molecules in the gas 
phase. nGimat’s novel device is referred to as the Nanomiser® device because of 
its ability to produce an aerosol of controlled size down to the sub-micron range, 
from 0.002 to 4 L/min flow rates, without any atomizing gas. The ability to 
produce small-size droplets with narrow size distribution is of critical importance 
in the NanoSpray SM Combustion Processing technology, where precursor solutions 
are converted to an ultrafrne mist that is efficiently combusted and creates vapor 
for use in nanopowder and thin film deposition applications. In addition, it can be 
used, without combustion of the aerosol, to spray polymers for film or nanopowder 
formation. During the initial steps, chemical precursors such as metal nitrates or 
metal organics (i.e., 2-ethylhexanoate, acetylacetonate), among others, are 
dissolved in suitable solvents, which also act as a fuel for combustion. Water- 
soluble precursors may also be dissolved in water and then mixed with a suitable 
liquid or gas fuel. 

In the work of Chakraborty et al. the solution was usually pumped by using a 
syringe pump through a gas-assisted nozzle to spray the precursor solution to the 
flame zone as small droplets [85]. The nozzle consisted of a capillary tube of outer 
diameter 0.9 mm (inner diameter 0.6 mm), situated in an opening of 1.4 mm 
diameter, creating an annular space of 0.9 mm 2 . The design of the nozzle was 
similar to the one used by Madler et al. [71]. The precursor solution was passed 
through the capillary tube at 0.5 mL min 1 and oxygen was introduced as both 
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dispersion and oxidation gas through the annulus at 2.2 L min The spray aerosol 
was ignited by eight hydrogen-fed supporting flames made by horizontal injection 
through eight equidistant holes drilled in a hollow metal ring that was placed 
around the aerosol jet. Droplet size distributions were measured by laser 
diffraction, while droplet lifetimes were calculated using a spray combustion 
model to explain for the first time the difference in flame structure and, especially, 
product powder characteristics when air or oxygen was used as the 
oxidant/dispersion gas [71]. 

Figure 20.18 shows droplet size distribution for the NanoSpraySM process of a 
typical nGimat solution (measured using Malvern Sizer 2600). Note that the 
detector limit is 1.2 micrometers. To obtain insight into the process of droplet 
burning, a simplified model of single-droplet combustion is used that has been 
successful in describing spray flames and liquid fuel rocket engines [71]. This 
model is based on liquid-vapor phase equilibrium at the interface with fuel species 
and oxidizer species conservation in the inner and outer region, respectively, and 
energy balances at the droplet liquid-vapor interface and its flame sheet. 
Additionally assumed are: no droplet interactions, single-component liquid fuel 
with zero solubility for gases, uniform and constant pressure, and a gas phase 
consisting of three “species” - fuel, oxidizer, and combustion products. 



Figure 20.18. Droplet size distribution for the NanoSpray SM Combustion Processing of a 
typical nGimat solution (measured using Malvern Sizer 2600). (Reproduced courtesy of 
nGimat.) 


20.4.3 Particle Formation in the Flame 

The flame flash vaporizes the meta-stable droplets of solvent with precursors, 
which then decompose to yield reactive vapor intermediates that ultimately 
condense, forming the nanoparticles (see Figure 20.19). The number and size of 
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nuclei formed in the flame are a function of the solution, density, viscosity, surface 
tension, and concentration. In the case of fuel cell catalyst deposition, synthesized 
nanoparticles are then captured or deposited directly on the GDL or Nafion® 
membrane. It has been shown how the specific surface area can be closely 
controlled through oxidant or fuel composition and flow rate [71]. The formed 
nanoparticles can be quench-cooled after a short residence time in the flame. In 
flame synthesis of metal oxide particles, the residence time and temperature of the 
flame zone must be sufficient to transform the volatile precursors into oxide 
molecules and to reach the desired crystalline structure of particles formed by the 
collision/coalescence process. Further exposure to high temperature results in loss 
of valuable surface area by sintering, but this can be avoided using quench-cooling. 
As presented by Marie et al. [84], in the case of the direct deposition of the catalyst 
layer on Nafion®, it is important that the temperature of the flame is kept below 
100 °C in order not to destroy the Nafion® membrane. 
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Figure 20.19. Schematic of nanoparticles production via nanospray combustion synthesis 
process. (Reproduced courtesy of nGimat.) 

The optimal situation would be to minimize unnecessary loss of surface area by 
“freezing” the sintering of aggregated Pt primary particles after a short residence 
time in the flame, before they become mixed up with carbon and ionomer particles. 

nGimat has made Pt-carbon-ionomer electrocatalyst composite layers on gas 
diffusion carbon paper using the NanoSpray SM Combustion process. The Pt 
nanoparticles are formed directly onto the carbon particle and mix with ionomer 
before all are deposited onto the GDL substrate. 

Figure 20.20 shows comparative transmission electron microscopy data for 
Johnson Matthey HISPEC 4000 and NanoSpray M Combustion-prepared catalyst 
material. NanoSpray SM Combustion-produced catalyst exhibits Pt domains on the 
order of 2-10 nm attached to a carbon support, which is desirable for maximized 
surface area and minimized Ostwald ripening of the active catalyst material. This is 
comparable to the supported structure observed in the Johnson Matthey HISPEC 
4000 catalyst shown on the right side of Figure 20.20. 

The ability to make thinner electrodes is usually advantageous for enhancing 
mass transport characteristics. In the case of NanoSpray SM Combustion-prepared 
materials, electrode layer thickness (20-25 pm) is not necessarily a determining 
factor of performance because the enhanced porosity allows for thicker electrodes 
without compromising mass transport behavior. 
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(a) (b) 

Figure 20.20. High resolution TEM of (a) NanoSpray SM Combustion-prepared 
electrocatalyst and(b) Johnson Matthey HiSPEC 4000 carbon supported (40%) material; the 
scalebar in (b) reads 50 nm. (Reproduced courtesy of nGimat.) 

In the RSDT process configuration, a polymer electrolyte membrane is used as 
the substrate and coated with a compositional grading of platinum and carbon 
support. Additionally, Nafion® ionomer is added and deposited separately for 
further processing. The platinum layer is deposited directly on a Nafion® 211 
membrane as a column structure, and the platinum loading is reduced in the layer 
closest to the GDL. An entire low loading (< 0.05 mg/cm 2 Pt) thin film (1-3 pm) 
catalyst layer is deposited directly from precursors with this approach. Figure 
20.21 shows a cross-section of the catalyst layer, with Figure 20.21(a) the Pt sub 
layer and Figure 20.21(b) the gradient layer of Pt, carbon, and Nafion®. 



Figure 20.21. TEM cross-section examination of the catalyst layer (unpublished NRC-IFCI 
data) 


20.4.4 Particle Size Control 

In order to control particle size it is possible to use water or air to cool the flame. 
Cold air, provided from a water-cooled quenching ring, has been used to quench 
the aerosol coming out of the flame [78]. The quenching helps decrease the 
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average particle size by suddenly lowering the temperature and thus decreasing the 
rate of sintering. The product particles were collected directly on the GDL (Toray 
TGPH090) by withdrawing the nanoparticle aerosol from the flame through it by 
using a gas-ejector vacuum pump (PIAB Classic). Here, the Vulcun carbon-painted 
GDL was, in principle, applied as a catalyst nanoparticle filter. The thin carbon 
layer improves filtration efficiency as well as anode performance in methanol 
electrooxidation [86]. 

In the case of direct deposition on Nation® substrate, since that is only stable at 
lower temperatures the flame must be cooled before it reaches the substrate 
surface. The NRC-IFCI was doing such cooling using an air knife system that cut 
the flame at a set distance from the nozzle body. The distance, angle, and position 
of the air knife system control the substrate temperature. In general, in the flame 
process there are several parameters that can be modified in order to optimize the 
platinum deposition process. These are: 

Liquid Flow 

• Flow Rate 

• Composition 

Solvent type and concentration 
Propellant concentration 
Precursor concentration 

• Nozzle Temperature 

• Pump Pressure 

• Tip Oxygen 

Pilot Flame 

• Oxygen Flow Rate 

• Fuel Flow Rate 

Geometry 

• Air Knife Angle 

• Air Knife 

• Air Knife Flow Rate 

• Deposition Distance 

• Substrate Temperature/Holding Mechanism 

• Deposition Path and Speed 

All of these parameters need to be optimized in order to obtain the desired particle 
size and improve the deposition rate and consistency. 

The size of platinum particles made during RSDT deposition was measured 
using mapping with TEM images. The TEM images of particles formed by RSDT 
are shown in Figure 22. It can be seen that the maximum particle size is below 5 
nm and the deposition size is uniform. Note that Figure 20.22 shows a TEM grid 
after only a few seconds of deposition, and therefore does not show the density of 
the final coating. 
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Figure 20.23. Description of Pt-0 formation in the RSDT process (unpublished NRC-IFCI 
data) 

The Pt formation during the RSDT process is schematically shown in Figure 
20.23, while Figure 20.24 shows the temperature profile during catalyst deposition 
on Nation® membrane. Note that the non-oscillating sections of the graph are due 
to communication loss with the measuring instrument and should be discounted. 
Conductivity measurements were done on the supplied Nafion® samples before 
and after heating the samples to ensure that the degradation of the substrate was not 
significant at these temperatures and deposition times. 



Figure 20.24. Substrate temperature profile during RSDT deposition (unpublished NRC- 
IFCI data) 
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20.4.5 Electrochemical Performance and Catalytic Activity of the Flame 
Deposited Catalyst 

Using their flame-based technique, nGimat has prepared carbon-supported Pt and 
PtRu alloy-based composites on gas diffusion electrodes, with significantly 
improved oxygen reduction behavior and CO tolerance over commercially 
available materials. This CCVD processing technology has superior production 
rates of electrocatalyst layers and material cost advantages over conventional 
screen-printing techniques [87, 88]. nGimat low-loaded (< 0.2 mg/cm 2 Pt) cathode 
materials have exhibited 30-50 mV improvements in air performance over screen- 
printed Johnson Matthey catalyst-based materials at 0.3 A/cm 2 . This is attributed to 
a more porous electrocatalyst layer structure [87]. Effective platinum surface areas 
are routinely 2-3 times lower than those obtained using Johnson Matthey HISPEC 
4000 catalyst making. Long-term degradation remains high at 700-1500 pV/hr 
over the first twenty-four hours of operation, with increases in ohmic loss being the 
most significant loss observed, attributed to unoptimized Pt-C connection in the 
catalyst. 



Figure 20.25. Comparative CO stripping cyclic voltammograms (unpublished NRC-IFCI 
data) 




Spray-based and CVD Processes for Synthesis of Fuel Cell Catalysts 951 


Half-cell CO tolerance results show 100-200 mV decreases in ignition 
potential over Johnson Matthey HISPEC-based materials. Figure 20.25 shows 
comparative CO stripping cyclic voltammograms for screen-printed Johnson 
Matthey HISPEC 5000 and NanoSpray SM Combustion-prepared electrocatalyst 
layers on a GDL from nGimat. 

Here it is shown that HISPEC 5000 has a dimensionless effective Pt surface 
area (EPSA) of 120.7 while this number is 38 for the nanospray combustion- 
prepared sample. The voltammetric comparison also shows the onset of surface 
oxide/hydroxide reduction at higher potentials for the NanoSpray SM Combustion- 
prepared sample, suggesting easier surface oxygen reduction kinetics than is seen 
for the screen printed material. 

Slow Sweep Voltammetric Polarization Curves 



Figure 20.26. Slow-sweep voltammetric "polarization” curves comparing conventional 
screen-printed Johnson-Matthey HISPEC catalysts with CCVD-grown materials. 
Conditions: 0.5 M II 2 S0 4 electrolyte, Pt counter electrode, RHE at 40 °C. (Reproduced 
courtesy of nGimat.) 

It is apparent from Figure 20.26 that NanoSpray SM Combustion-prepared 
cathodes, with a lower platinum loading of 0.138 mg/cm 2 as compared to the 
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Johnson Matthey loading of 0.200 mg/cm 2 , perform with similar power outputs in 
basic electrochemical tests. Fuel cell load tests on nGimat client test stands verify 
that there is comparable performance between nGimat representative samples (0.25 
mg/cm 2 loading) and commercially available electrocatalyst layers with 
approximately 0.3 mg/cm 2 Pt loadings. This result is attributed to microstructural 
differences in the electrocatalyst layer. 



Figure 20.27. Comparative Nyquist plot impedance spectra of screen-printed Johnson 
Matthey based material and (CCVC) NanoSpray SM Combustion-based electrocatalyst layer 
in oxygen, 40 °C, H 2 S0 4 electrolyte Pt counter electrode, H 2 reference, 0.6 V vs. reference 
potentiostatic conditions. (Reproduced courtesy of nGimat.) 

Figure 20.27 shows comparative Nyquist plot impedance spectra of screen- 
printed Johnson Matthey based material shown above and (CCVC) NanoSpray SM 
Combustion-based electrocatalyst layer. The resistances, Rp, associated with each 
spectrum show that the screen-printed sample has a polarization resistance of 0.78 
ohms, while that of the NanoSpray SM Combustion sample is 0.812 ohms. A 
constant phase element fit factor (CPE-P) comparison shows that the NanoSpray SM 
Combustion-prepared sample exhibits a behavior closer to a capacitor than does 
the screen-printed counterpart (0.86 vs. 0.77), which is related to its more open 
pore structure. Deviation from capacitive behavior has been modeled [89, 90] as a 
measure of the pore sizes in electrode structures, whereby lower pore diameters 
and longer lengths represent greater deviation (and thus lower CPE fit values) 
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because of the relative difficulty of charge penetration through a longer, thinner 
tube than across a wider, shorter channel. In the spectrum, smaller, longer pores are 
manifested as a collapsing of the semicircle. 

H 2 -0 2 polarization curve comparison 



• E vs. I (corrected for iR drop) 0.8 mg/cm 2 screen printed electrode 
O MS29 CCVC prepared catalyst 
▼ Dry carbon CCVC preparation of catalyst 
v HISPEC 4000 flame-based dry spray prepared layer 


Figure 20.28. Comparative H 2 -O 2 polarization curves for electrodes prepared with different 
coating techniques on gas diffusion electrode substrate. (Reproduced courtesy of nGimat.) 

NanoSpray SM Combustion-prepared samples undergo significant performance 
degradation on the order of 1000 uV/hr over the first 24 hours. Figure 20.28 shows 
comparative hydrogen-oxygen polarization performance for screen-printed 
Johnson Matthey based samples, NanoSpray SM Combustion-prepared catalyst, and 
dry-spray Johnson Matthey electrocatalyst layers deposited on gas diffusion 
electrodes. With the exception of the 100-150 mV advantage at 1 A/cm 2 that is 
observed when the 0.8 mg/cm 2 screen-printed sample is compared to lower loading 
NanoSpray SM Combustion-prepared samples, electrocatalyst layers prepared using 
the different NanoSpray SM Combustion methods and Johnson Matthey flame 
sprayed samples all have comparable performance at this current density. After 
twenty-four hours of continuous operation at 0.5 A/cm 2 , the oxygen performance 
degrades in all but the screen-print prepared samples, as outlined in Table 20.2. 
Since these data are taken in oxygen and not air on the cathode side, the 
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degradation rates likely reflect a loss in active catalytic surface area, either through 
mechanisms such as Ostwald ripening or loss of ohmic contact between the active 
Pt and carbon support. It is shown that the degradation rate drops by nearly a factor 
of four when dry carbon introduction is used over wet carbon, suggesting improved 
bonding by a hotter condensation of the two materials in the plume downstream of 
the flame. 


Table 20.2. Degradation data for samples prepared using screen-printing and combustion 
methods. Conditions: 0.5 A/cm 2 , 80 °C, hydrogen-oxygen, 30 psi backpressure each side. 
(Reproduced courtesy of nGimat.) 


Cathode 

sample 

24 hr Degradation 
rate/pVhr-1 

Preparation 

method 

Catalyst 

OC07B 

769 

NanoSpray SM 
Combustion, dry 
carbon introduction 

In situ NanoSpray SM 
Combustion 

QL04A 

250 

Flame spraying 

HISPEC 4000 

MS29 

2800 

NanoSpray SM 
Combustion, wet C 
introduction 

In situ NanoSpray SM 
Combustion 

NB78D 

0 

Screen printing 

HISPEC 4000 


20.4.6 Typical Examples Analysis 

The next presented example is not a typical one but rather a future way to go as a 
one-step process, with reduced Pt loading on the cathode side, 0.05 mg/cm 2 , and 
thin catalyst film, 5 pm. 

The NRC-IFCI worked on direct catalyst layer formation with RSDT, focusing 
on the composition and thickness of the catalyst layer. The deposition time for a 5 
pm-thick catalyst is approximately 15 minutes. The bulk material of the RSDT 
coating was Pt, and Pt-0 bonds could be seen on the surface by XPS [91]. From 
the literature it can be seen that during these depositions, a highly disordered, non- 
stoichiometric mixture of Pt and O forms when Pt vapors are quenched. Pt oxides 
are meta-stable at low temperatures and decompose upon heating [02]. We 
hypothesize that the residence time of our particles in the hot gas plume is too short 
to decompose this oxide layer, so they reach the cold substrate, cool, and remain 
there as oxides. These oxides can then been reduced to Pt by submersion in NaBFfi 
or during CV cycling, as completed at the NRC-IFCI and described in previous 
reports [93]. However, for samples deposited at higher temperatures or without 
quenching, very little Pt-0 can be seen. This is likely due to the Pt-0 bonds 
breaking (a chemical process, not desorption) in the high-temperature environment. 
Data reported in the literature [94, 95] show decomposition starting at -400K 
(—130 °C) and completing at -670K (-400 °C). The decomposition is a function of 
both residence time and temperature, and is complete for the high-temperature 
RSDT coatings. At intermediate temperatures a mixture of Pt and Pt-0 exists. In 
order to investigate the contribution of Pt-0 bonds to the performance of the 




Spray-based and CVD Processes for Synthesis of Fuel Cell Catalysts 955 


catalyst layer, and have a sample comparable to the XPS results, further cyclic 
voltammetry was completed. These samples were prepared as follows: 1) platinum 
was deposited by RSDT on a graphite electrode substrate (diameter 3 mm) using 
the same low-temperature deposition conditions as for previous catalyst layers; 2) a 
CV electrode with a plain platinum surface was also measured for reference; the 
RSDT electrode was cycled in a 0.5 M solution of sulfuric acid for 10 cycles in 
each voltage range; 3) the voltage was increased by 100 mV, and step 3) was 
repeated up to the oxygen desorption limit. The results are presented in Figure 
20.29. 



Figure 20.29. Cyclic voltammetry of a RSDT-prepared Pt/graphite electrode (unpublished 
NRC-IFCI data) 


In Figure 20.29, each CV curve is the result of 10 cycles. The voltage was 
changed in 0.1 V increments in order to determine whether the change in CV curve 
was simply due to increased wetting of the surface or whether restructuring of the 
surface was necessary to obtain a fully active layer. From these results we see that 
a very active Pt layer can be formed, with a much higher preferred 111 orientation 
than that of our flat platinum reference. Both the RSDT prepared layer and the 
reference show a Pt peak at -0.27 V. A significant number of papers published on 
the topic reference a platinum peak at this same location (see [95, 96]). 

The location of the Nafion® in the catalyst layer prepared by RSDT is believed 
to be different from that in a catalyst layer produced by a more standard ink 
process. It is hypothesized that the Nafion® and ink form a matrix, upon which the 
platinum particles deposit in the vapor plume. In order to verify the location of the 
Nafion® within the network, a representative catalyst layer was stained with lead. 
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Figure 20.30 shows the location of platinum in a normal RSDT-prepared catalyst 
layer. 



Figure 20.30. Darkfield image of unstained catalyst later (Pt shown in white) (unpublished 
NRC-IFCI data) 

The resulting TEM images of this stained catalyst layer without platinum are 
shown in Figure 20.31. These can be compared to the unstained images in Figure 
20.30. 

The performance of the MEA with different Pt cathode catalyst loading is 
shown in Figure 20.32. The anode loading is 0.05 mg/cm 2 . The manufactured 
catalyst layer has a performance of 0.65 V at 1 A/cm 2 with 0.05 mg/cm 2 Pt loading 
using pure oxygen. 

The data presented show that under FT and 0 2 , even at a very low loading such 
as 0.03 mg/cm 2 on the cathode side and 0.05 mg/cm 2 on the anode side, significant 
performance was measured. The data show that by controlling the morphology of 
the catalyst layer a significant reduction in Pt loading, without compromising 
performance, can be obtained for specific testing conditions. 


Spray-based and CVD Processes for Synthesis of Fuel Cell Catalysts 957 



Figure 20.31. Lead-stained Nation® TEM images without platinum present (unpublished 
NRC-IFCI data) 



Current Density A/cm2 

Figure 20.32. Polarization curves of 0.01 to 0.05 mg/cm 2 . 80 °C, 100%RFI, 0.261 NL/min 
H 2 / 0.625 NL/min 0 2 (anode/cathode) (unpublished NRC-IFCI data) 





958 R. Marie 


20.5 Summary 

Production methods must meet commercial standards for mass manufacturing, 
such as scalability, reproducibility, and quality. In situ electrocatalyst formation 
involves forming the composite platinum/carbon (Pt/C) catalyst directly on the 
PEM or GDL and involves techniques such as physical vapor deposition (PVD), 
chemical vapor deposition (CVD), combustion chemical vapor deposition 
(CCVD), reactive spray deposition technology (RSDT), and electrochemical 
deposition. The drivers for each process are cost, performance, and reliability, 
which cannot be separated from the MEA because the electrode structure (porosity, 
thickness, catalyst type, ionomer content, kinetic losses, ohmic losses, and 
transport losses) is not only a function of the electrocatalyst itself but also the way 
in which it is formed or deposited. Raw-material cost reduction takes the form of 
improved catalyst utilization and alternative formulations, while manufacturing 
costs are driven down by reducing the number of processing steps, using 
continuous processing, and avoiding energy- or time-intensive steps such as 
vacuum environments. Multi-objective optimization techniques are necessary that 
can uncover Pareto optimal fronts and generate several acceptable choices in 
catalyst layer design or processing conditions. The cost-effective use of PEMFCs is 
possible if the content of Pt in PEMFCs, primarily in the cathode, is substantially 
reduced. The target is to achieve Pt loading in the cathode at 0.02 mg/cm 2 . 

In reality, the reconciliation of high-performance materials (i.e., low Pt loading, 
Pt alloys, non-noble catalyst) with low degradation and low-cost targets is an 
extremely challenging issue. Incentives and technological improvements are 
needed to overcome socio-economic hurdles in the first phase of transition, where 
there will otherwise be short-term losses when engaging in new technologies. 
Among the critical factors that determine the long-term profits of the transition 
towards a future hydrogen-based society are cost reduction and efficiency 
improvement. 
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Catalyst Layer/MEA Performance Evaluation 


Jianlu Zhang and Jiujun Zhang 


21.1 Introduction 

The membrane electrode assembly (MEA) is a key unit of proton exchange 
membrane (PEM) fuel cells, including direct methanol fuel cells (DMFCs). In 
general, the MEA is composed of an anode gas diffusion layer (GDL), an anode 
catalyst layer, a membrane (the PEM), a cathode catalyst layer, and a cathode gas 
diffusion layer. The MEA materials, structures, components and fabrication 
technologies have strong effects on the corresponding fuel cell performance. In 
particular, the catalyst layers, where the electrochemical reactions take place, are 
the most important components. Theoretically, in an ideal catalyst layer all catalyst 
particle sites would be accessible to the reactant gas (H 2 or 0 2 ), protons, and 
electrons. In order to achieve this, the distributions of the electron conductor, 
proton conductor, catalyst sites, and gas pores should be uniform in a catalyst 
layer. 

Over the past several decades, many efforts have been made to develop high- 
performance PEM fuel cells. MEA performance with advanced catalyst layers has 
been significantly improved by employing different fabrication methods [1-4], 
changing the catalyst layer structures [5-11], and using different components [5- 
8]. During PEM fuel cell (PEMFC) performance optimization, how to evaluate 
catalyst layers and their corresponding MEAs becomes critical. The major purpose 
of such an evaluation is to understand the relationship between fuel cell 
performance and MEA component structures/compositions. Based on this 
understanding, catalyst layer/MEA optimization with respect to performance can 
be carried out in terms of materials used, component compositions, and fabrication 
parameters. One example is identifying various cell voltage losses in order to 
determine whether improvements can be achieved via optimization of the 
electrode/membrane structures and the diffusion medium properties. Through 
optimizing the catalyst layers and MEAs, catalyst utilization can be improved, gas 
diffusion overpotential reduced, and membrane ohmic losses decreased, while 
water management inside the catalyst layers/MEAs can also be improved. 
Therefore, catalyst layer/MEA evaluation is a necessary step in fuel cell 
development. Accordingly, many physical-chemical and electrochemical methods 
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have been developed to evaluate the performance of the catalyst layer/MEA. In this 
chapter, the principles and methods of catalyst layer/MEA evaluation will be 
introduced, with some detailed analysis. 


21.2 Theoretical Analysis 

21.2.1 Open Circuit Voltage (OCV) of the PEMFC 

For an electrochemical cell, the electrical work, W e , is equal to the change in the 
Gibbs free energy, AG between products and reactants: 

W e = -AG (21.1) 

In general, the electrical work (JV C ) produced by the electrochemical reaction is the 
product of the charge (Q) and the cell voltage (E): 

W e = QE (21.2) 

The total charge transferred in this electrochemical reaction can be calculated 
according to Equation 21.3: 

Q = nNq (21.3) 

where n is the number of electrons transferred per reactant molecule during the 
electrochemical reaction, N is Avogadro’s number (6.022xl0 23 ), and q is the 
charge of one electron (1.602xlCT 19 C/e). It is known that the product of N and q is 
Faraday’s constant, and the value is 96487 C/mole. Therefore, the electrical work 
can be expressed as Equation 21.4: 

W e = nFE (21.4) 

Combining (21.4) and (21.1), an alternative expression is obtained in Equation 
21.5: 


AG =-nFE (21.5) 

Fuel cells are electrochemical devices that convert chemical energy directly to 
electrical energy and heat energy. Equation 21.5 only represents the electrical 
energy portion; the heat energy portion will not be pursued in this discussion. 
Based on thermodynamic considerations, an electrochemical reaction normally 
produces about 70-80% electrical energy and 20-30% heat energy. For a typical 
PEM fuel cell running on hydrogen and air, the electrode reactions occurring at the 
anode and the cathode, respectively, are as follows: 
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H 2 <-» 2H + + 2e~ 

(21.6) 

0 2 + 4H + + 4e~ 2H 2 0 

(21.7) 


At standard conditions (25 °C, 1 atm), the anode electrode potential ( E °) is 0.0 V 
(vs. standard hydrogen electrode (SHE)) and the cathode electrode potential (fs c °) 
is 1.229 V (vs. SHE). The protons generated at the anode transport across the 
membrane to the cathode. The electrons generated during hydrogen oxidation pass 
through the external circuit to the cathode, where they complete the 
electrochemical reduction of oxygen and produce water. The overall fuel cell 
reaction is: 

2H 2 +0,->2H,0 (21.8) 

The fuel cell voltage at an open circuit condition is called the open circuit voltage 
(OCV). This OCV is defined as the difference between the standard potentials of 

the cathode (fs c °) and the anode ( E °), and its value is 1.229 V at standard 
conditions. Note that this OCV is strongly dependent on the temperature and 
pressure. If the fuel cell is loaded with an electrical current, the cell voltage will be 
lower than the OCV due to the electrode polarizations (or electrode overpotentials). 
In general, a fuel cell OCV, E ocv , can be expressed as Equation 21.9: 

E ocv = E{ - E[ (21.9) 

where E r c and E' a are the Nernst electrode potentials for the cathode and anode, 
respectively. They can be expressed in the Nernst forms shown in Equations 21.10 
and 21.11: 

(for the cathode reaction: O, + 4H + 4e —> 2H,0 ) 

£ c r =£ c °+^ln(P 0j [H + ] 4 ) (2U0) 

4 F 

(for the anode reaction: H, —» 2H + + 2e ) 

^ =jE « + ^i n( 2ni) (2i.ii) 

2 F P H; 

In Equations 21.10 and 21.11, as defined before, island E° are the standard 
cathode and anode potentials, respectively. E° c is a temperature-dependent constant 
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(= 1.229-0.000846x(T-298.15) [12]), is zero at any temperature, P 0 and 
P H are the partial pressures (atm) of O 2 and H 2 , respectively, and [H ] is the molar 

concentration of protons (mol.L ). A theoretical OCV can be calculated by 
deriving Equations 21.10 and 21.11 to yield Equation 21.12 [13]: 

£° e c „T =1.229-0.000846(r-298.15) + ^ln[P O2 (P H2 ) 2 ] (21.12) 


21.2.2 Exchange Current Density, i 0 

The exchange current density can be understood as a reaction rate at either the 
forward or the backward reaction of an equilibrium reaction at the reversible 
potential (when oveipotential is zero by definition). At the reversible potential the 
reaction is in equilibrium, meaning that the forward and backward reactions 
progress at the same rates. 

For a redox reaction: 


O + ne (21.13) 

at equilibrium, there is no net current flow. However, at the interface of 
electrode/solution, a dynamic equilibrium exists and the electron transfer processes 
are still going on in both directions. Because both processes occur at equal rates, 
the cathodic current is balanced by the anodic current. This ongoing current in both 
directions is called the exchange current density ( i 0 ). The net current density is the 
difference between the cathodic and anodic current densities. A system with a large 
exchange current density has fast kinetics and can respond rapidly to a change in 
potential. Otherwise, the system has a sluggish electron transfer rate. 

In PEM fuel cells, the exchange current density for the electrochemical oxygen 
reduction reaction (ORR, ~1(T S -10 ’ A cm 2 ) is much smaller than that of the 
hydrogen oxidation reaction (HOR, ~ 10 -10 1 A cm -2 ). Due to the larger HOR 

exchange current density, the HOR at the anode Pt nanoparticle/PEM interface is 
much faster than the ORR at the cathode interface [14]. In other words, the 
overpotential for the HOR is negligibly small compared with that of the ORR when 
the anode is adequately hydrated. The overall electrochemical kinetics of PEMFCs 
is therefore dominated by the relatively slow oxygen reduction reaction. 

21.2.3 Tafel Slope, b 

The relationship between the net current density, the exchange current density, the 
overpotential, and the electron transfer coefficient is given by the Butler-Volmer 
equation for either cathode or anode reaction: 


ccn a Frj 

i = if ~ h = *o( e RT 


(1 -a)n a Fr] 


-e 


RT 


(21.14) 



Catalyst Layer/MEA Performance Evaluation 969 


where, z is the net current density, i f is the current density in the forward direction 
of Reaction 21.13, i b is the current density in the backward direction, z o is the 
exchange current density, a is the electron transfer coefficient, n a is the electron 
transfer number in the rate determining step, and 77 is the overpotential. The 
overpotential is defined as the potential difference between the electrode potential 
at a certain current density and the electrode potential at zero current density 
(reversible potential). If the forward reaction is dominant the overpotential can be 
expressed as ij f , and if the backward reaction is dominant, as i] h . 

At low overpotential (< 30 mV), Equation 21.14 can be written as Equation 
21.15: 


z = z„ 


nFq. 


RT 


(foiward direction) 


(21.15) 



(backward direction) 


(21.16) 


Equations 21.15 and 21.16 indicate that net current density varies linearly with 
overpotential. At high overpotential, if the forward reaction rate is much higher 
than that of the backward reaction, i.e., i f » i b , Equation 21.14 can be simplified 

as Equation 21.17: 

i = —i f - i a exp (-an a Frj f / RT) (21.17) 


Taking In on both sides of Equation 21.17, 21.18 can then be obtained: 


In i = In if = lnz o + (■ 


a"a F 

RT 


«/) 


(21.18) 


Equation 21.18 applies to the forward reaction; a similar expression for the 
backward reaction is expressed in Equation 21.19: 


In / = In if 


= In/ 


O 


+ 


an a F 
—— fif 
RT 1 


(21.19) 


According to Equations 21.18 and 21.19, overpotentials can be expressed as 
Equations 21.20 and 21.21 for forward and backward reactions, respectively: 


2.303RT . 2.303RT . /f . 

r) f = -——logz n -——logz (forward direction) ( 21 . 20 ) 


anF 


anF 
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In Equation 21.22, b is the Tafel slope. In electrochemistry, the graph of the 
logarithm of the current density i against the overpotential rj in the high 
overpotential limit is called the Tafel plot [15], as shown in Figure 21.1. The slope 
b is 2.303 RT/an a F. The intercept at // = 0 gives the exchange current density, i 0 . 



il (V) 

Figure 21.1. Plot of 77 vs. log of anodic current with a = 0.5 


For both the HOR and the ORR, the dependence of b on temperature can be 
derived by differentiating Equation 21.23: 


8b _ 2,3 R 

8T an a F 


(21.23) 


Assuming that the reaction mechanism and a are independent of temperature, b 

varies linearly with temperature. For an a = 1, « 0.2mV K . However, several 

groups [16-19] reported two sets of Tafel slopes that are differentiated by the 
current density regime on a Pt electrode. One Tafel parameter corresponds to the 
ORR at a Pt oxide-covered surface (Temkin adsorption conditions, low current 
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density, b = 60 mV/decade) and the other to the ORR at a Pt oxide-free surface 
(Langmuirian conditions, high current density, b = 120 mV/decade). 

Experimentally, the Tafel slope of the ORR process was found to increase with 
increasing temperature in the low current density region, while it was independent 
of temperature in the high current density region [19]. 

21.2.4 Polarization Curve Analysis 

Figure 21.2 shows a typical polarization curve (or current-voltage curve) of 
PEMFCs. This curve results from both the anodic FIOR and the cathodic ORR 
reactions. The actual cell voltage is much lower than the ideal cell voltage and the 
theoretical cell voltage. When the current is drawn from a fuel cell, the actual cell 
voltage will drop from its ideal due to several types of irreversible losses, as shown 
in Figure 21.2. The drop is mainly caused by mixed potential and fuel crossover, 
activation overpotential, ohmic overpotential, as well as mass transfer 
(concentration) overpotential. 



Figure 21.2. Typical polarization curve of a PEM fuel cell 


1) Voltage drop caused by mixed potential and fuel crossover. The mixed 
potential at electrodes is due to unavoidable parasitic reactions that tend to lower 
the equilibrium electrode potential. For a mixed cathode potential, a local-cell 
mechanism has been put forward to explain the Pt-Cb reaction mechanism at the 
electrode in an Cb-saturated acidic solution [20, 21]. The mixed potential is 
composed of both the cathodic Cb/FbO reaction potential (0 2 + 4H 1 + 4c <—► 2FEO, 






972 J.L. Zhang and J. Zhang 


E° = 1.229 V (vs. NHE)), and the Pt/PtO anode reaction potential (Pt + H 2 0 *-> 
PtO + 2H + + 2c , Ep tlpt0 = 0.88 V (vs. NHE)). The local electrochemical reaction 
on the Pt surface could create a PtO surface coverage of 30%, with 70% of the 
surface remaining as pure Pt. At steady-state mixed potential, a complete layer of 
Pt-0 can never be achieved in order to keep the reaction of Pt to PtO continuous, 
due to the diffusion of Pt-0 into the bulk metal. The reported mixed cathode 
potential is around 1.06 V (vs. NHE) at standard conditions [20, 21] with an 0 2 
partial pressure dependence of 15 mV-atnT 1 . Furthermore, the H 2 that has crossed 
over through the membrane from anode to cathode can form a local half-cell 
electrochemical reaction on the cathode, such as H 2 <-> 2H + 2e , resulting in a 
mixed cathode potential similar to that of the half-cell reaction (Pt + H 2 0 <-> PtO + 
2H 1 + 2c ). The mixed potentials are the dominant sources of voltage losses at 
open circuits [13]. 

2) Activation loss (overpotential). Activation overpotential ( ij act ) is caused by 
the kinetics of the electrode reactions. It is associated with both sluggish reaction 
kinetics and low catalyst activity. The effects of these losses are most pronounced 
at low current densities (< 0.1 A/cm 2 ). Minimization of the activation overpotential 
thus requires maximization of the catalyst area available for reactions and 
improvement of catalyst activity. 

3) Ohmic loss (overpotential). Ohmic overpotential ( rj ohm ) is caused by ionic 
and electronic resistances. It consists of the ionic resistance of the membrane plus 
the bulk and contact electronic resistances of the construction materials. Because 
both the electrolyte and the tuel cell electrodes obey Ohm’s law, the ohmic losses 
can be expressed by the equation 

ri ohm =IR ohm (21-24) 

where I is the fuel cell current density flowing through the cell and R ohm is the 
total cell ohmic resistance, which includes electronic ( R electronic ), ionic ( R jonic ), and 
contact ( R contact ) resistances: 

^ohm ~ Relectronic + ^ionic ^contact (21.25) 

In relative terms, the largest single source of ohmic losses is from the membrane. A 
simple way to determine the ohmic resistance is employ the impedance 
spectroscopic method. In a fuel cell impedance spectrum, the ohmic resistance is 
the real value of the impedance of the point for which the imaginary impedance is 
zero at the maximum frequency. The effects of these losses are most pronounced at 
intermediate current densities. Minimizing the ohmic losses requires effective 
water management in the membrane, excellent electron conductive materials, and 
minimal contact resistance. 

4) Mass transfer loss (overpotential). Mass transfer (or concentration) 
overpotential ( r \ conc .) is caused by the concentration gradients of the reactants. As 
shown in Figure 21.2, at high current densities the current-voltage curve begins to 
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bend down sharply. This is due to mass diffusion limitations on the electrodes 
(especially on the cathode), resulting in a lack of reactant reaching the catalyst 
sites. The effects of these losses are most pronounced at high current densities (> 
0.5 A/cm 2 ). To minimize the concentration overpotential requires good electrode 
structure as well as effective water management in the catalyst layer and the gas 
diffusion layer. 

The total overpotential ( ij tolal ) of a PEM fuel cell is the sum of the anode 
overpotential ( T/ a ), cathode overpotential ( rj c ), and ohmic overpotential ( i) ohm ), as 
expressed as Equation 21.26: 


U total =t la +T lc + Vohm (21.26) 

Both tj a and tj c are mainly composed of activation oveipotential ( t) acl ) and 
concentration overpotential ( r) conc ). Thus, rj total can also be expressed as Equation 
21.27. The actual cell potential is equal to the reversible cell voltage (E r , open 
circuit voltage) reduced by the voltage losses, as shown in Equation 21.28. 

>l,o,a, = (n act cone )a +(n act 'H cone )c + Vohm (21.27) 

E C e„=E r -V mal (21.28) 

Generally, the exchange current density of the anode reaction 
(H 2 —> III 1 + 2e ) is approximately 5-6 orders of magnitude larger than that of 
the cathode reaction (/ 2 Oo + 211 1 + 2e —» H 2 0 ). Therefore, apart from the ohmic 
resistance, the majority of the fuel cell voltage losses occur on the cathode due to 
the sluggish kinetics of the oxygen reduction reaction. In most cases, the anode 
overpotential is negligible compared to that of the cathode. Therefore, the 
polarization curve over the entire current density range can be semi-empirically 
expressed in a general form as Equation 21.29 [22]: 

E = E r + b\og(i a ) -b\og(l) - Ri - mexp(ni) (21.29) 


where E represents the cell voltage, E’ the reversible potential, b the Tafel slope, i 
the current density, i 0 the exchange current density of the cathodic ORR, R the cell 
resistance, and m and n are parameters characterizing mass transport effects. 


21.3 Physical Chemistry Evaluation of Catalyst Layer 

21.3.1 Pore Structure Analysis of Catalyst Layer 

Due to the fuel cell reactions occurring inside the matrix catalyst layers, the 
reactant (gas or liquid) must pass through a gas diffusion layer (GDL) into the 
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catalyst layer. Therefore, a porous structure for both the catalyst layers and the 
GDL is necessary. A parameter, called porosity, is normally used to describe the 
porous structure. This parameter is also closely related to fuel cell performance. 
The well-known methods used to comprehensively characterize the porosity of 
electrodes are mercury porosimetry, capillary flow porometry, and standard 
porosimetry [23]. 

The effective diffusivity of the gas phase in porous media, I) , ff , is related to 

porosity (s) and tortuosity (t) according to the Bmggeman correlation [24], as 
shown in Equation 21.30: 

D eff =D\ S (\-S)Y (21.30) 

where D° is the diffusion coefficient and S is the liquid saturation. As for the liquid 
phase, the driving force, capillary pressure (P c ), can be expressed as Equation 
21.31 [25]: 

P c =acosmy K fj(S) (21.31) 

where a presents the surface tension, 6 is the contact angle, K is the absolute 
permeability, and J(S) is the Leverett function. 

The porosity of a gas diffusion layer (GDL) or a catalyst layer (CL) may be 
easily calculated from its real weight, the density of the solid phase, and the 
compressed thickness, as expressed in Equation 21.32 [26]: 

W 

s = 1-—^- (21.32) 

Preaid 

where W A is the real weight (g/cnT 2 ), p real is the solid-phase density (for carbon- 
based materials, p real varies between 1.6 and 1.9 g/cm 3 ), and d is the thickness 
(either compressed or uncompressed). 

For a GDL or CL in PEM fuel cells, a high porosity is desirable in order to 
minimize the gas-phase diffusion losses, but extremely high porosities could also 
lead to an increase in electrode electronic resistance. 

21.3.2 Protonic and Electronic Conductivity in the Catalyst Layer 

High protonic and electronic conductivity are highly desirable to optimize the CL 
structure with respect to high fuel cell performance. The measured fuel cell voltage 
(Keii ) can be alternatively expressed as Equation 21.33: 

Vee„=E OCV -V c -Va -IcellRce,, ( 21 - 33 ) 
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where 77 c and >] a are the cathode and anode overpotentials, respectively, I cell is 
the fuel cell current density, and R cell is the fuel cell internal resistance - which 
includes membrane resistance, proton transfer resistance in the catalyst layer, and 
all kinds of contact resistance between the fuel cell components. It can be seen 
from Equation 21.33 that high fuel cell internal resistance ( R cell ) can result in low 
cell performance. R cell , can be measured by AC impedance spectroscopy at the 
high end of the AC frequency. Because R cell is dominated by the membrane 
resistance ( R m ), the resistance measured by AC impedance spectroscopy at the 
high end of the AC frequency is usually considered to be the membrane resistance, 
R m . The membrane resistance here represents the proton transfer resistance within 
the fuel cell membrane and indirectly reflects the membrane conductivity. Aside 
from their transport in the membrane, protons also need to transfer to active 
catalytic sites in the catalyst layer. Proton transfer within the catalyst layer can also 

cause proton transfer resistance in the catalyst layer ( R' 1 , ). This proton transfer 
resistance reflects the proton conductivity in the catalyst layer. Experimental 
studies [27-30] have already indicated that the performance of catalyst layers 
strongly depends on the proton conductivity. The electrolyte materials, electrolyte 
loading, components and structure, as well as the ratio of electrolyte (e.g., Nafion) 
to carbon, the temperature, and the water activity affect the proton conductivity in 
a catalyst layer. Moreover, the fuel cell operating conditions can also affect the 
proton conductivity in a catalyst layer. Zhang et al. [31] found that the proton 
transfer resistance was very large in a catalyst layer when the fuel cell was 
operated at 0% relative humidity (RH). Although a few papers [32-34] have been 
published on catalyst layer proton conductivity, to the best of our knowledge there 
is still no reliable experimental method to measure the proton conductivity of a 
catalyst layer separately and accurately. The electronic conductivity of the catalyst 
layer also depends on the used materials, the carbon loading, the components, and 
the structure. The electronic conductivity can be determined by the method 
described by Pantea et al. [35]. Using this method, Du et al. [34] measured the 
electronic conductivity of a catalyst layer by impedance spectroscopy 
measurements over the frequency range of 10-200 Hz using a SI 1260 
Impedance/Gain-Phase Analyzer and found that the effective electronic 
conductivity decreased with an increasing Nafion volume fraction in the catalyst 
layers. 

21.3.3 Wettability of the Catalyst Layer 

Hydrophobicity and hydrophilicity play complex and critical roles in both the gas 
diffusion layer and the catalyst layer of a PEM fuel cell. A suitable hydrophobicity 
is necessary for better PEM fuel cell performance. If an electrode is too 
hydrophilic, the electrode is easily flooded by condensed water, resulting in a 
dramatic decrease in fuel cell performance. The hydrophobicity and hydrophilicity 
can be controlled by the choice of carbon, the ionomer/carbon ratios, the content of 
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the hydrophobic agent (usually PTFE), and the pre-treatment and fabrication 
procedures. 

To date, there are two major types of catalyst layer fabrication techniques. One 
is to cast or spray the catalyst ink onto the gas diffusion layer to form a catalyzed 
GDL (CGDL), which is hydrophobic and has a thickness of about 20-50 pm; the 
other is to deposit or spray catalyst ink onto the proton exchange membrane to 
form a catalyst coated membrane (CCM), a hydrophilic layer with a thickness of 
5-10 pm. 


0 < 90 / 

/ 


Tangent: 


/ Liquid 




Figure 21.3. Principle of contact angle measurement [36], (Image courtesy of KSV 
Instruments.) 

One of the most popular experimental methods for characterizing the 
hydrophobicity and hydrophilicity of catalyst layers is contact angle (0) 
measurement. A contact angle, 0, describes the shape of a liquid droplet resting on 
a solid surface. When a tangent line is drawn from the droplet to touch the solid 
surface, the angle between this tangent line and the solid surface is called the 
contact angle (0), as can be seen in Figure 21.3 [36]. A low 0 value indicates that 
the liquid spreads, or wets well, while high values indicate poor wetting. If the 
angle 0 is less than 90° the liquid is said to wet the solid; if it is greater than 90° it 
is said to be non-wetting. A zero contact angle represents a complete wetting. The 
sessile drop method is the most common to measure the contact angle of a water 
droplet on the sample surface. The drop size should be small enough to eliminate 
the influence of the drop’s weight (Figure 21.4). 
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Figure 21.4. Drop of water in sessile drop measurement of contact angle [37]. (Reproduced 
from Wang CY. Two-phase flow and transport. In: Vielstich W, Lamm A, Gasteiger E1A, 
editors. Handbook of fuel cells - fundamentals, technology and applications, volume 3. 
Chichester, England: Wiley, 2003;337-47. Copyright John Wiley & Sons Limited.) 

Contact angle measurement has been broadly accepted for material surface 
analysis related to wetting, adhesion, and absorption. Zawodzinski and Gottesfeld 
[38] investigated the contact angle of water on the surface of a prehydrated Nafion 
membrane and found that the ionomer surface exhibited a wide range of values for 
the contact angle with water. Furthermore, the contact is also time-dependent: it 
relaxes slowly from one value to another over tens of minutes as the ionic groups 
re-orient to the changing environment. Brack [39] also studied the membrane 
properties by means of contact angle measurement and found that the contact angle 
increased with dehydration of the membrane. Yu and Ziegler [40] characterized the 
catalyst layers using CCM. They found that the first attachment of a water droplet 
at the catalyst layer surface showed a relatively high contact angle, and then the 
contact angle decreased with time, as shown in Figure 21.5 [40]. This could be due 
to water absorption into the polymer materials in the porous catalyst layer. They 
also found that a CCM with a higher contact angle showed better fuel cell 
performance at 0.8 A/cm 2 due to a lower mass transport resistance. Furthermore, 
they found that the contact angles differed slightly with water droplet location due 
to the non-uniform distribution of pore size in the catalyst layer. 



(a) (b) (c) 


Figure 21.5. The time-dependent contact angle of a catalyst layer with wetting process: (a) 0 
s, for the first attachment of the water droplet at the catalyst layer surface, the contact angle 
is 148.7°; (b) 60 s, the measured contact angle is 147.8°; (c) 100 s, the measured contact 
angle is 146.2° [40], (Reprinted from Electrochimica Acta, 51(7), Yu HM, Ziegler C, 
Oszcipok M, Zobel M, Hebling C, Hydrophilicity and hydrophobicity study of catalyst 
layers in proton exchange membrane fuel cells, 1199-207, ©2006, with permission from 
Elsevier.) 
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Yu and Ziegler [40] also employed an environmental scanning electron 
microscope (ESEM method) as a contact angle analysis tool to investigate 
hydrophobicity and hydrophilicity on inhomogeneous materials. They measured 
the contact angles of the catalyst layer before and after MEA evaluation, and found 
that the catalyst layer became more hydrophilic after MEA evaluation; thus, this 
hydrophilic increase could be the cause of lower fuel cell performance. 


21.4 Catalyst Layer Evaluation in a Half-cell 

21.4.1 Rotating Disk Electrode (RDE) Test 

The rotating disk electrode method (RDE) has been widely used for 
electrochemical analysis and evaluation, as it can ensure an electrode reaction 
under well-described hydrodynamic conditions. Recently, with the development of 
PEM fuel cells, it has been widely used to screen the activity of some 
electrocatalysts (e.g., Pt-based, non-noble catalysts) towards fuel cell reactions, 
such as oxygen reduction [41-44], hydrogen oxidation [45, 46], methanol 
oxidation [47, 48], and CO tolerance [49] in simulated fuel cell environments. 
Thin-film RDE [50, 51] and porous RDE [43] are the types commonly used in the 
study of PEM fuel cells. A porous RDE can usually be prepared by spreading a 
certain amount of catalyst ink onto a glass carbon disk, after which the catalyst- 
ink-covered disk is dried at room temperature to evaporate the solvents. The 
thickness of the catalyst layer formed is calculated approximately according to the 
loading and density of the catalyst, and the area of the glass carbon disk. The 
catalyst ink is usually prepared by mixing the electrocatalyst, the electrolyte (e.g., 
Nafion), and the solvent in a certain ratio. In this method, the glass carbon disk can 
be covered by a single layer, in which the catalyst and the electrolyte are 
homogeneously distributed. This situation is comparable to the simulated 
“agglomerate” model of a fuel cell electrode. For a thin-film RDE, the glass carbon 
disk is usually covered by two layers. One is the inner layer of the catalyst and the 
other is the Nafion outer layer. In this case, the reactant (O? or FE) first diffuses 
through a Nafion film and then reacts at the catalyst surface. This situation is 
comparable to the simulated “thin-film” model of fuel cell electrodes. 

Typical examples discussed below can help us gain a better understanding of 
the application of RDEs. Jiang et al. [44] studied the ORR at a rotating disk 
electrode with multiple small potential steps. Figure 21.6 shows a serial of current- 
potential curves for the ORR at a HT-FeTPP/CoTPP/PG rotating disk electrode in 
an 0 2 -sahirated 0.5 M sulfuric acid electrolyte. With increasing rotation rate, the 
catalytic current increases. The kinetic analysis of the ORR at the catalyst coated 
RDE can be carried out by the Koutecky-Levich equation: 

i 4 a/ 1 


(21.34) 
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where i and i k are the catalytic current density and the kinetic current density, 

respectively, B is the Koutecky-Levich slope, and m is the rotating rate. As shown 
in Figure 21.7, all plots are straight lines. When the electrode potential is moved in 
the cathodic direction, the intercept becomes smaller, suggesting that the kinetic 
process for the catalytic oxygen reduction reaction at the catalyst coated electrode 
speeds up. 



Figure 21.6. Polarization curves at various rotation rates for oxygen reduction at a HT- 
FeTPP/CoTPP-coated rotating disk electrode in 0 2 -saturated 0.5 M H 2 S0 4 solution [44]. 
(Reprinted from Electrochimica Acta, 45(24), Jiang R, Chu D, Multiple small potential steps 
at a rotating disk electrode and applications, 4025-30, ©2000, with permission from 
Elsevier.) 



Figure 21.7. Koutecky-Levich plot for oxygen reduction at a HT-FeTPP/CoTPP-coated 
rotating disk electrode in 0 2 -saturated 0.5 M H 2 S0 4 solution. Catalyst loading: 2.0 mg. The 
dashed line shows calculated results for the 0 2 4-electron reduction by diffusion process 
[44]. (Reprinted from Electrochimica Acta, 45(24), Jiang R, Chu D, Multiple small potential 
steps at a rotating disk electrode and applications, 4025-30, ©2000, with permission from 
Elsevier.) 
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Gasteiger et al. [45] studied H 2 oxidation on a rotating disk electrode with Pt, 
Ru, and Pt-Ru catalysts. As shown in Figure 21.8 (a), with an increase in rotation 
rate, the catalytic current density also increases. The inverse of the intercept of the 
Levich line (as shown in the insert of Figure 21.8 (a)), 8.08x 1 O ’ mA/cm 2 , is 
equivalent to the kinetic current density, i k . Figure 21.8 (b) shows FF 
electrooxidation on pure Ru in 0.5 M FI2SO4. It can be seen that even at the 
maximum current density, the catalytic activity of Ru towards H 2 is at least 2-3 
orders of magnitude lower than that of Pt. The potential dependence of H 2 
oxidation on pure Ru (as shown in the insert of Figure 21.8 (b)) shows that when 
the potential is more positive than the value at the maximum current density (~0.2 
V), Ru becomes inactive towards H 2 . The electrooxidation of H 2 on Pt-Ru (50 
atomic% Ru surface composition) was indistinguishable from the data on pure Pt, 
within experimental error. This indicated that even if the activity of pure Ru 
towards H 2 oxidation were to be zero, the rate of H 2 electrooxidation on the 
remaining Pt active sites would have exceeded the rate of the diffusion transport of 
H 2 to the electrode surface. From the results of these experiments, it can be 
concluded that at low temperature (25 °C), Pt and the Pt-Ru catalyst have similar 
activity towards H 2 electrooxidation, while the activity of pure Ru is much lower 
than that of Pt. 


0.0 0.2 0.4 0.6 

E/V [RHE] 

(b) 

Figure 21.8. (a) Hydrogen reduction and oxidation current densities during positive-going 
sweeps (20 mV/s) on a Pt RDE in 0.5 M H 2 S0 4 saturated with H 2 at 25 °C (rotation rates are 
indicated in the figure). A Levich plot at 0.2 V with a least-squares regression line is shown 
in the inset, (b) Potentiodynamic (20 mV/s) hydrogen oxidation current densities on a 
sputter-cleaned Ru RDE in 0.5 M H 2 S0 4 saturated with H 2 at 25 °C and 900 rpm for 
different positive potential limits. The insert shows the rotation rate dependence [45], 
(Reprinted with permission from J Phys Chem 1995;99:8290-301. Copyright 1995 
American Chemical Society.) 
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21.4.2 Cyclic Voltammetry (CV) Test 

Cyclic voltammetry (CV) is one of the most widely used electrochemical 
techniques for acquiring qualitative information about electrochemical reactions. 
Measurement using cyclic voltammetry can rapidly provide considerable 
information about the thermodynamics of redox processes and the kinetics of 
heterogeneous electron-transfer reactions, as well as coupled chemical adsorption 
and reactions. Cyclic voltammetry is often the first experiment performed in an 
electroanalytical study. In particular, it can rapidly reveal the locations of the redox 
potentials of the electroactive species. CV is also used to measure the 
electrochemical surface area (ECSA, m 2 /g catalyst) of electrocatalysts (e.g., Pt/C 
catalyst) in a three-electrode system with a catalyst coated glass carbon disk 
electrode as a working electrode [52]. Figure 21.9 shows a typical CV curve on 
Pt/C. Peaks 1 and 2 correspond to hydrogen electroadsorption on Pt(100) and 
Pt( 111) crystal surfaces, respectively. The H 2 electroadsorption can be expressed as 
Equation 21.35: 

Pt + H + +e _ —>Pt-H ads (21.35) 

Peaks 3 and 4 correspond to H 2 electrodesorption on Pt(lll) and Pt(100) crystal 
surfaces, respectively, and can be expressed as: 

Pt-Had S ^Pt + H + +e~ (21.36) 

Peak 5 represents the oxidation of the Pt surface; this process can be expressed as 
follows: 


Pt + H- O- H—»Pt-0-H + H + + e~ (21.37) 

Pt- O - H + H - O - H -> Pt - (O - H) 2 + H + + e~ (21.38) 

Pt - (O - H) 2 —»Pt-0 + H- 0- H (21.39) 

Peak 6 represents the reduction of Pt oxide, which can be expressed as Equation 
21.40: 


Pt-0 + 2H+ + 2e ^Pt + H-O-H (21.40) 

The ECSA (m 2 /g Pt) can be calculated according to Equation 21.41: 

ECSA= @ H xl0~ 4 (21.41) 

L Pt Q f 
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where Q H is the Coulombic charge with a unit of mC, and the value is usually 
calculated as the average value between the amounts of charge exchanged during 
the electroadsorption (Q’) and electrodesorption (Q”) of H 2 on Pt sites; L Pt is the 
Pt loading on the studied electrode, with a unit of g; Q f is the required Coulombic 

charge to desorb the hydrogen when a clean Pt surface is covered by a monolayer 
of hydrogen, and its value is 0.21 mC/cm 2 . 



Figure 21.9. Typical CV curve on Pt/C catalyst. Q’ and Q” represent the amount of charge 
exchanged during the electroadsorption and desorption of H 2 on Pt sites, and the filled area 
is the contribution of the double-layer charge [52], (Reprinted from Journal of Power 
Sources, 105, Pozio A, De Francesco M, Cemmi A, Cardellini F, Giorgi L. Comparison of 
high surface Pt/C catalysts by cyclic voltammetry, 13-19, ©2002, with permission from 
Elsevier.) 

CV can also be widely used for the in situ diagnosis of the catalyst layer. 
Because the catalyst layer is a matrix structure, rather than a smooth electrode 
surface, not all of the catalyst surface can be accessible to the reaction. However, 
CV is also a useful tool for catalyst active area measurement, for example, the 
determination of electrode Pt surface area (EPSA, the active Pt surface area in a 
unit electrode, cm 2 /cm 2 ) [ 53, 54]. To determine the EPSA of the cathode/anode in 
a single fuel cell, the cathode/anode compartment is purged with humidified N 2 and 
serves as the working electrode, while the anode/cathode compartment is flushed 
with humidified H 2 , serving as both counter and reference electrodes. Then the CV 
curve can be recorded on the single cell. The EPSA can be calculated using 
Equation 21.42: 


EPSA = -Qh- 

AQ f 


(21.42) 
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where Q H is the Coulombic charge with a unit of mC; A is the active area of the 
electrode, with a unit of cm 2 ; and the value Q f is 0.21 mC/cm 2 . 

In situ cyclic voltammograms are useful in assessing the EPSA and 
electroactive surface areas of a catalyst layer. In order to obtain comparable results, 
the process has to be performed identically in terms of the measurement method, 
operating conditions, and catalyst layer state. Otherwise, large variability in the 
results is to be expected. 

During the electrode fabrication process, it is not guaranteed that all of the 
ECSA will be available for electrochemical reaction, due to either insufficient 
contact with the solid electrolyte or electrical isolation of the catalyst particles. 
Therefore, Pt utilization is one of the most important parameters for evaluating a 
catalyst layer and an electrode. Using the CV technique, Pt utilization can be 
determined by measuring the electrochemical surface area of the Pt catalyst and the 
active Pt surface area (SA, m 2 ) in a catalyst layer. Pt utilization can de defined as 
the ratio of the active Pt surface area in a catalyst layer to the electrochemical 
surface area of the Pt catalyst. 



Figure 21.10. Cyclic voltammograms (10 mV s _1 ) at 25 °C in the potential range 0-1400 
mV vs. NHE on Pt/C (E-TEK) with (first cycle) and without (second cycle) a CO-adsorbed 
ad-layer. The filled area represents the charge related to the CO oxidation reaction [52], 
(Reprinted from Journal of Power Sources, 105, Pozio A, De Francesco M, Cemmi A, 
Cardellini F, Giorgi L. Comparison of high surface Pt/C catalysts by cyclic voltammetry, 
13-19, ©2002, with permission from Elsevier.) 

Besides the hydrogen desorption method, the CO (carbon monoxide) stripping 
method has also been used in CV measurement to characterize the catalyst [52] and 
diagnose the fuel cell catalyst layer [55, 56]. Figure 21.10 shows two cyclic 
voltammograms obtained on Pt/C with a CO-adsorbed ad-layer. The peak at about 
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0.87 V versus NHE, in the first cycle, represents the electrooxidation of the 
irreversibly adsorbed CO. The calculated peak charge, Q co , is related to the 
following reaction: 

Pt-C0 + H 2 0—»Pt + C0 2 +2e~ +2H + (21.43) 

The ECSA can be calculated according to Equation 21.44: 

ECSA =-- (21.44) 

L pt x 0.484 

where Q co is the charge under the CO peak; L Pl is the Pt loading on the electrode; 
and the value of 0.484 represents the charge density required to oxidize a 
monolayer of CO on smooth Pt [57, 58]. Similar to the H 2 desoiption method, the 
CO stripping method can also be used to determine the EPSA and Pt utilization. 

21.4.3 Polarization Curves in a Half-cell 

The half-cell method is also useful to get the polarization curve for the 
investigation of electrochemical half-reactions, including the ORR, the HOR, and 
the methanol oxidation reaction (MOR). Du et al. [59] investigated the effect of 
methanol on the cathode behavior of a DMFC in a half-cell. The half-cell consisted 
of a normal DMFC cathode and a membrane that made contact with an electrolyte 
solution (H 2 S0 4 or H 2 S0 4 and methanol), in which a reference electrode (RE) and 
a counter electrode (CE) were installed. Figure 21.11 compares the steady-state 
polarization curves at different working conditions. Curve A corresponds to the 
pure ORR in the absence of methanol; curve B corresponds to the pure MOR in the 
absence of oxygen; curve C corresponds to the net behavior of the simultaneous 
ORR and MOR; and curve D is the algebraic sum of curves A and B by assuming 
that the MOR and ORR proceed independently of each other. As shown in Figure 
21.11, at high potentials, curves C and D were very close, indicating that the MOR 
and ORR were not noticeably affected by each other. At lower potentials, however, 
curve C deviated significantly from curve D, reflecting a strong interaction 
between the ORR and MOR. In addition, the difference between curve C and curve 
D was larger at a higher methanol concentration (Figure 21.11 (a)) than at a lower 
one (Figure 21.11 (b)), indicating a stronger interaction with a higher methanol 
concentration. This interaction may be due to the increased MOR partial current or 
poisoning of the ORR by the methanol adsorbates [59, 60]. 

Figure 21.12 [61] shows the polarization curves for an oxygen cathode and 
methanol anode obtained at 75 °C in half-cells with 3 M and 1.5 M H 2 S0 4 as 
electrolytes, respectively. At low current densities, the system appears to be 
governed by a high degree of polarization. The activation losses are about 100 mV 
and 200 mV for the ORR and MOR, respectively. At high overpotentials, the 
polarization curve is linear in current, indicating that the ohmic resistance may be 
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dominant. If the cell voltage is the potential difference between cathode and anode, 
the open circuit voltage (OCV) of the fuel cell should be around 0.9 V. 




Figure 21.11. (a) and (b) Polarization behaviors of the cathode: (A) O 2 electrode without 
methanol; (B) N 2 electrode with methanol; (C) 0 2 electrode with methanol; (D) algebraic 
sum of curves A and B (gas flow rate: 20 mL min -1 ) [59], (Reprinted from Electrochimica 
Acta, 52, Du CY, Zhao TS, Yang WW. Effect of methanol crossover on the cathode 
behavior of a DMFC: a half-cell investigation. 5266-71, ©2007, with permission from 
Elsevier. 
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Figure 21.12. Polarization curves for oxygen cathode (□, ■) and methanol anode (O, •) at 
75 °C in half-cells with 3 M and 1.5 M H 2 SO 4 as electrolytes, respectively. The data 
corrected for the ohmic potential drop (■, •) are also shown. Cathode: 1.16 mg Pt/cm 2 , 
anode: 1.4 mg PtRu/cm 2 [61], (Reprinted from Journal of Power Sources, 128, Reeve RW, 
Burstein GT, Williams KR. Characteristics of a direct methanol fuel cell based on a novel 
electrode assembly using microporous polymer membranes, 1-12, ©2004, with permission 
from Elsevier.) 


21.5 MEA Evaluation by the Single-cell Test 

The single fuel cell test is one of the most direct and effective methods for the 
evaluation of catalyst layers and MEAs. Even if the results obtained by a half-cell 
test are very promising, the single-cell test is still a necessary step for performance 
validation of the developed catalyst layer and MEA. 

21.5.1 Test Station 

A test station is required for the single-cell test. Test stations are designed to 
measure and control the following parameters during the tests: (1) temperature, 
pressure, humidity, and flow rates of reactants, (2) temperature, pressure, and flow 
rate of coolant, and (3) current and voltage of the fuel cell. Usually, a test station 
system consists of gas control station, fuel cell, load bank, data acquisition/control 
unit, as well as control software, as shown in Figure 21.13 [62], Sometimes, a 
coolant sub-system is needed, especially for fuel cell stack testing. The gas control 
station (including gas meter unit and humidifier) is used to regulate the gas 



Catalyst Layer/MEA Performance Evaluation 987 


velocity, backpressure, temperature, and relative humidity. A safety unit is required 
as well to detect and remove any explosive gases leaking from the test station. 
There are basically two methods - external and internal - for humidifying the fuel 
cell reactants and the fuel cell membrane. The simplest and most widely used is the 
external method, which forces the dry reactant gas to bubble through water to 
produce the feed gas with the desired humidity level. The fuel cell loads are 
supplied by a load bank that can provide several load modes: constant current, 
voltage, and power. A data acquisition/control unit can monitor and collect all data 
from the test station and fuel cell system. Control software is provided for 
monitoring, controlling, and organizing the testing processes. 
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Figure 21.13. Schematic of a test station [62], (Reprinted from Journal of Power Sources, 
160, Zhang J, Xie Z, Zhang J, Tang Y, Song C, Navessin T, et al. High temperature PEM 
fuel cells, 872-91, ©2006, with pennission from Elsevier.) 


In the whole test system, the fuel cell is one of the most important components. 
A fuel cell hardware design includes the flow field design, material selection, 
sealing design, manifold design, and assembly strategy design. Figure 21.14 shows 
a schematic illustration of a single cell [63]. The carbon plate/current collector is 
isolated from the end plate (aluminum) with a plastic plate that also serves as a gas 
manifold. Gaskets are used to seal the MEA. A variable pressure bladder, 
controlled with nitrogen gas, is used to compress and seal the cell assembly. The 
cell heating is accomplished with a pair of heat tapes. The inner 60 W heat tapes, 
which are glued onto the copper current collector plates, allow the cell to operate at 
the desired temperature. 
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Figure 21.14. Assembly of a single cell [63], (Reproduced by permission of ECS—The 
Electrochemical Society, from Tang Y, Zhang J, Song C, Liu H, Zhang J, Wang H, et al. 
Temperature dependent performance and in situ AC impedance of high-temperature PEM 
fuel cells using the Nafion-112 membrane.) 

21.5.2 Polarization Curve 

The most common indicator for fuel cell performance is the polarization (or 
current-voltage) curve. There are basically two data collection modes in obtaining 
the polarization curve. One is to adjust the current density then record the cell 
voltage, the other is to adjust the cell voltage then record the current density. The 
former is the most popular mode in fuel cell performance data collection. After a 
series of current and voltage values are collected, the cell voltage will be plotted as 
a function of current density. Figure 21.2 shows the typical polarization curve of a 
PEM fuel cell. After the polarization curve is obtained, the MEA power density 
(cell voltage x current density) can be plotted as a function of current density, 
accordingly. From the power density curve, the maximum power density of the 
fuel cell MEA can be known. For a fuel cell stack, the maximum volume power 
density and the mass power density can be obtained as well. 

The cell performance (polarization curve) strongly depends on the operating 
conditions, such as temperature, pressure, relative humidity (RFI), gas flow rates, 
etc. Normally, the performance increases with increasing temperature, pressure, 
RH, and gas flow rate. 

21.5.3 Resistance Test - AC Impedance Test 

In addition to performance tests, diagnosis is also important in single-cell testing. 
The AC impedance method (called electrochemical impedance spectroscopy (EIS)) 
is a powerful technique for fuel cell performance diagnosis that can provide 
detailed information on individual losses such as kinetics, mass transfer, and 
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membrane resistance. EIS was traditionally employed to determine the double- 
layer capacitance of an electrode/electrolyte interface [64], as well as to 
characterize the electrical properties of materials and interfaces. This method has 
also been demonstrated to be successful in fuel cell performance diagnosis and 
optimization. The major application areas of EIS in PEM fuel cell development 
include the optimization of MEA fabrication, the operation condition effect, 
membrane-related conductivity measurements, fuel cell contamination diagnosis, 
water “flooding” improvement, as well as catalyst layer structure optimization. 

There are two major methods used to measure impedance: time domain and 
frequency domain techniques. The typical frequency domain technique uses a 
potentiostat and a frequency response analyzer. During measurement, the working 
electrode potential is modulated sinusoidally with respect to the reference 
electrode. The AC impedance obtained is a frequency-dependent complex number 
at each frequency that can be plotted in various ways. One of the popular methods 
is to plot imaginary impedance against real impedance (called the complex plane). 
This is also called the Nyquist plot. By fitting this impedance plot to a model, an 
equivalent circuit (EC) for the system can be obtained. In the literature, many kinds 
of equivalent circuits have been developed to fit the AC impedance spectra. 
Results using different ECs might be quite different from each other. However, if 
the results are self-contained, they should be useful in explaining the observed 
experimental phenomena. The following section illustrates several typical 
examples of EIS application in fuel cell research and development. 


RBL488 



Figure 21.15. Connections between the Solartron 1260 FRA, RBL 488 load bank, and fuel 
cell [63], (Reproduced by permission of ECS—The Electrochemical Society, from Tang Y, 
Zhang J, Song C, Liu H, Zhang J, Wang H, et al. Temperature dependent performance and 
in situ AC impedance of high-temperature PEM fuel cells using the Nafion-112 membrane.) 

Zhang et al. [13, 31, 54] and Tang et al. [63] applied EIS to the in situ diagnosis 
of fuel cell performance in a temperature range of 23 °C to 200 °C. Figure 21.15 
shows the schematic of an AC impedance measurement system for fuel cell in situ 
diagnosis [63]. In their studies, a Solartron 1260 frequency response analyzer 
(FRA) was used for methodological development and AC impedance diagnosis. 
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This instrument can generate DC, AC, and their combined control signals, and the 
AC sinusoid signal range can be from 10 pHz to 32 MHz. Their study used a single 
channel load bank (RBT 488 series 100-60-400, TDI), which can be controlled 
with signals via an external program. The magnitude of the voltage signal inputting 
to the load bank, which is DC, AC, or a combination thereof, can be in the range of 
0-10 volts. This load bank has three current control ranges of 6 A, 30 A, and 60 A. 
For the AC mode of the load bank, the frequency range of the controlling AC 
sinusoid signal is 0.06 Hz to 20 kHz. The control signal generated by the FRA is 
connected to the REM and S-ports located on the rear panel of the load bank. This 
signal contains two components, the DC and the AC. For example, if the control 
mode is a constant current load, then this signal should command the load bank to 
deliver a combined current. The load bank will transfer this control signal into the 
fuel cell load level. The values of all signals are referred to S-ports. Before running 
the experiments, the voltage and current density ranges in the load bank should be 
chosen according to the expected fuel cell performance. The cell voltage response 
goes to FRA “Vi” and “V 2 ” for analysis. The obtained impedance information is 
sent to a computer for data display and analysis, performed by a powerful software 
package called ZPlot. 

Electric noise is always an issue for AC impedance measurement. In the fuel 
cell impedance experiments shown in Figure 21.15, differential input with a 
floating ground was chosen to reduce the noise and harmonic signals from 
externally wired circuits. To decrease the noise, an oscilloscope was connected to 
the fuel cell current collectors to monitor the noise level. Experiments showed that 
the electronic connection depicted in Figure 21.15 could effectively reduce noise. 

Figure 21.16 (a) and (b) show the AC impedance spectra of a single PEM fuel 
cell operated at 80 °C, 3.0 atm, and 100% relative humidity (RH) and 0% RH, 
respectively. Two semi-circles appear clearly on each spectrum. One is in the high- 
frequency domain and represents the charge transfer resistance predominated by 
the charger transfer resistance of the ORR process. The other is in the low- 
frequency domain and represents the mass transfer resistance, which includes the 
proton transfer resistance and mass (O 2 and H 2 ) transfer resistances in the catalyst 
layer. The intercept of the plot on the Z’ axis at the high-frequency end represents 
the fuel cell internal resistance predominated by membrane resistance, from which 
the through-plane membrane resistance in a real operating fuel cell can be 
measured in situ. As shown in Figure 21.16, at 100% RH, the first semicircle 
shrinks and the second one expands with increasing current density, indicating that 
the fuel cell electrochemical reactions are dominated by the kinetics at low current 
density range and limited by the mass transfer within the catalyst layer at high 
current density range (> 1.2 A/cm 2 ). However, in the case of 0% RH, the situation 
becomes more complicated. In order to gain a better understanding of the EIS 
difference between 100% and 0% RH, an equivalent circuit was constructed to 
describe the process, as shown in the Figure 21.16 (a) insert [31]. R m is the high- 
frequency resistance (intercept on the Z’ axis at the high-frequency end), which 
represents the fuel cell internal resistances, predominated by membrane resistance. 
R t is the charge transfer resistance for the ORR and HOR (predominated by the 
ORR charge resistance), and CPEj (the constant phase element) represents the R t 
associated catalyst layer capacitance properties. R mt is the resistance related to the 
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mass transfer of reactant gases in catalyst layers. CPE 2 represents the R mt - 
associated capacitance. The circuit is a simplified approach according to the 
flooded-agglomerate model (FAM) for porous gas-diffusion electrodes, where the 
electrochemical and mass transfer processes within the catalyst layer are described 
by a transient network circuit including several elements such as electrolyte 
resistance, double-layer capacitance, Faradaic impedance, etc. [65, 66]. 



Z' (ft ■ cm 7 ) 

Figure 21.16. In situ AC impedance spectra in the frequency range of 10,000-0.01 Hz. 
Single fuel cell with an active MEA area of 4.4 cm 2 operated at 80 °C, 3.0 atm absolute 
backpressure: (a) 100% RH, (b) 0% RH. The stoichiometries of H 2 and air are 1.5 and 2.0, 
respectively. Standard MEA with Nation 112 membrane and a total Pt loading of 1.0 
mg/cm 2 . The insert is the equivalent circuit for data fitting [31], (Reprinted from 
Electrochimica Acta, 52, Zhang J, Tang Y, Song C, Cheng X, Zhang J, Wang H. PEM fuel 
cells operated at 0% relative humidity in the temperature range of 23-120 °C, 5095-101, 
©2007, with pennission from Elsevier.) 
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The data simulated using the equivalent circuit is plotted as a function of 
current density, as shown in Figure 21.17 [31]. Compared to the resistance values 
at 100% RH, the membrane resistance, charge transfer resistance, and mass 
transfer resistance all jump dramatically. This would lead to a dramatic decrease in 
fuel cell performance. When a PEM fuel cell is operated at 0% RH, the membrane 
and the catalyst layer are dry and proton transfer is difficult in both the membrane 
and the catalyst layer ionomer. The large mass transfer resistance at 0% RH in the 
whole current range (even at 0.1 A/cm 2 ) mainly comes from the proton transfer 
resistance in the catalyst layer. The dry environment could also slow down the 
charger transfer process and result in a high charge transfer resistance. 



Figure 21.17. Simulated individual AC impedances as a function of current density. The 
simulation was based on the data in Figure 21.17 according to the equivalent circuit in 
Figure 21.16 (a) [31], (Reprinted from Electrochimica Acta, 52, Zhang J, Tang Y, Song C, 
Cheng X, Zhang J, Wang H. PEM fuel cells operated at 0% relative humidity in the 
temperature range of 23-120 °C, 5095-101, ©2007, with permission from Elsevier.) 

21.5.4 Permeability/Crossover Test 

The proton exchange membrane used in PEM fuel cells (e.g., Nafion membrane) is 
a porous material, with some undesirable permeability for gases and liquids. When 
the fuel cell is running, the fuel, such as H 2 or methanol, will diffuse from anode to 
cathode through the membrane, and at the same time the oxidant (e.g., 0 2 ) will 
diffuse from cathode to anode. This phenomenon is called crossover and is 
undesirable in practical fuel cell operation. Hydrogen crossover can have at least 
three effects, including fuel efficiency reduction, cathode potential depression, and 
aggressive peroxide radical formation. The hydrogen that crosses over can directly 
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react with oxygen at the cathode surface, resulting in a lower cathode potential and 
a lower PEM fuel cell open circuit voltage (OCV) [13]. More severely, this direct 
reaction between H 2 and 0 2 at the cathode can produce peroxide radicals, which 
attack not only the catalyst layer but also the membrane, causing significant 
catalyst layer and membrane degradation [67]. In addition, it has been confirmed 
that the formation of hot points [68] or hydrogen peroxide [69, 70] by the highly 
exothermal chemical reaction between H 2 and 0 2 can also lead to pin holes in 
membranes, accelerating membrane degradation and even destroying the MEA, 
and causing safety problems. The highly exothermal chemical reaction between H 2 
and 0 2 , catalyzed by a Pt catalyst, can also accelerate the sintering of the catalyst. 

The gas permeability of a membrane can be measured using both physical and 
electrochemical methods. The physical method is first to assemble a piece of 
membrane into a single cell; then the probe gas (such as H 2 , or 0 2 ) is flowed into 
one side of the cell and an inert gas (such as Ar or He) is flowed into the other side 
at the same time. The pressures on both sides are kept at the same level. The probe 
gas crosses over through the membrane to the other side and flows out by the inert 
gas. The outlet of the inert gas is connected to a gas chromatograph (GC) to 
determine the concentration of the probe gas in the inert gas stream, and the 
permeability of the membrane is then calculated according to the gas 
concentration. This method is simple and convenient, but not an in situ approach. 

The gas crossover can also be measured in situ by electrochemical methods. 
Song et al. [71] described a method to measure H 2 crossover using lineal sweep 
voltammetry (LSV). In their experiment, the anode served as both reference and 
counter electrodes with H 2 flowing, and the cathode served as a working electrode 
with N 2 flowing. The hydrogen supplied to the MEA reference electrode permeated 
the membrane and reached the opposite electrode, where hydrogen was 
electrochemically oxidized at the cathode by the applied voltage from the 
potentiostat. The cell potential was scanned from 0.01-0.50 V. The hydrogen that 
passed through the membrane was measured as a mass transport “limiting 
current” in the voltage range of 0.35-0.50 V. 

Our study [72] measured the H 2 crossover in situ at high temperatures using an 
electrochemical method. The processes for the H 2 crossover measurement were as 
follows. A MEA was assembled into a fuel cell and then the humidified hydrogen 
and nitrogen stream were introduced into the anode and cathode, separately. After 
30 minutes of N 2 flushing through the cathode to remove residual air, a Solartron 
1287 potentiostat was connected to the fuel cell for H 2 crossover measurements, 
with the working electrode probe connected to the cathode and the 
counter/reference electrode probes connected together to the anode. A steady-state 
electrochemical method was used to record the current produced from the 
oxidation of crossed H 2 from the anode at an applied cathode potential of 0.5 V 
relative to the potential of the H 2 -flushed anode. At this cathode potential, all H 2 
that has crossed over from the anode to the cathode should be completely oxidized, 
giving a current indicative of the amount of hydrogen that has crossed over. The 
obtained current was defined as / ""' I,s (unit: A) for the calculation of the H 2 

crossover rate (./)™" , mol cnf 2 s '). The following Faraday’s equation was used to 
obtain the H 2 crossover rate: 
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j cross 
H 2 


l H, 

nFA 


(21.45) 


where n is the electron number of FE oxidation (= 2), A is the MEA active area 
(cm 2 ), and F is the Faraday constant (A’S'inoF 1 ). 

The study indicated that the H 2 crossover rate depends on the fuel cell operating 
temperature and backpressure, and the gas RH. 


21.6 Lifetime/Durability Testing of the MEA 

MEAs in PEM fuel cells require sufficient lifetimes for applications in 
transportation and/or stationary power generation. During lifetime testing, the 
PEMFC performance should be stable and the operation behavior reliable. 
Flowever, PEM fuel cells at present cannot guarantee lifetimes of 5,000 hours for 
mobile or transportation applications and 40,000 hours for stationary applications. 
The durability of the fuel cell, strictly related to the lifetime, is defined as the 
ability of a cell to resist permanent change in performance over time. Normally, 
lifetime degradation is not a catastrophic failure. Flowever, it does indicate that the 
MEA degradation is not recoverable or reversible. 

21.6.1 Mechanisms of MEA Degradation 

In the past several decades much effort has been put into the testing, diagnosis, and 
mitigation of MEA durability. Many mechanisms of MEA degradation have been 
proposed, such as membrane degradation, contamination, catalyst degradation, 
structural change of the catalyst layer, sealing material failure, and so on. Bomp et 
al. [73] have provided a detailed review of PEM fuel cell degradation mechanisms. 
In this section we will give a brief introduction to these mechanisms. 

Membrane degradation is one of important factors that cause fuel cell 
performance degradation. It includes loss of proton conductivity and increased gas 
permeability. When the membrane is contaminated by impurities from the fuel or 
oxidant and those released from the components of the MEA, the proton 
conductivity of the membrane will decrease. After the fuel cell is run for a long 
time, the membrane polymer will be chemically degraded. For example, loss of the 
S0 3 FI group could result in proton conductivity loss. For a F^PCVdoped 
polybenzimidazole (PBI) membrane, FI 3 PO 4 will be lost with the water produced 
during fuel cell operation and lead to loss of proton conductivity. These proton 
conductivity losses make the fuel cell performance degrade during long-time 
operation. H 2 crossover from anode to cathode is also inevitable during fuel cell 
operation. H 2 directly reacts with oxygen at the cathode catalyst surface and 
produces FI 2 0 2 , which attacks not only the catalyst layer but also the membrane, 
causing significant catalyst-layer and membrane degradation [67]. In addition, the 
highly exothermal chemical reaction between H 2 and 0 2 can lead to the formation 
of hot points [ 68 ] and pin holes in membranes, accelerating membrane degradation 



Catalyst Layer/MEA Performance Evaluation 995 


and even destroying the MEA. Mechanical failure of the membrane is also a mode 
of membrane degradation [74]. 

Contamination of fuel and/or oxidant is another important factor causing fuel 
cell performance degradation [75]. For example, air pollutants such as NO x and 
SO x can cause the degradation of a fuel cell cathode. This problem is unavoidable 
when the fuel cell uses air as the oxidant. Some urban areas have air contaminants 
such as CO, NO x , sulfur compounds, volatile organic compounds, etc. Even a low 
level of contaminants can lead to fuel cell performance degradation through 
poisoning of the Pt catalyst. The contaminants in hydrogen usually come from fuel 
manufacturing processes such as the reforming of hydrocarbons or the oxidation of 
natural gas. These processes can yield a hydrogen-rich gas that contains some 
amount of carbon monoxide or other (sulfur-based) impurities. The CO and sulfur- 
based impurities can strongly adsorb on the Pt catalyst surface and lead to severe 
degradation in fuel cell performance. Both anode and cathode contamination are 
important degradation modes, causing fuel cell kinetic, ohmic, and mass transfer 
losses. 

Catalyst degradation is another important MEA failure mode, and includes Pt 
catalyst sintering/ripening, Pt or Pt alloy dissolution/migration, as well as carbon 
support corrosion. It is well known that Pt particle size can increase with fuel cell 
lifetime. This increase can lead to a decrease in the electrochemical Pt surface area, 
resulting in degraded fuel cell performance as well as decreased durability. During 
fuel cell operation, Pt can also be dissolved in the catalyst layer through 
electrochemical or chemical reactions [76, 77]. The soluble platinum species can 
migrate within the catalyst layer and into the membrane [78, 79], then react with 
crossed hydrogen and precipitate in the ionomer and membrane, resulting in 
undesired Pt particle distribution. The deposited Pt particles in the membrane will 
become hot pots for pinhole development. The surface oxidation of Pt by water or 
oxygen-containing gas at high cathodic potential has been reported [80, 81], Pt 
oxide formation will decrease the Pt active surface area in the catalyst layer and 
also decrease the fuel cell OCV, due to the mixed potential between the Pt 
oxidation and oxygen reduction reactions. 

Carbon support corrosion in a fuel cell is another cause of catalyst degradation. 
Noble metals are usually supported on a high surface area carbon support to 
increase utilization of the metals. Carbon corrosion can take place according to 
Equation 21.46: 

C + 2H 2 0 = C0 2 + 4H + + 4e~ (21.46) 

with a standard potential of 0.207 V [82]. Although carbon is thermodynamically 
unstable, its slow reaction kinetics allow the use of carbon in low-temperature fuel 
cell applications. Corrosion of the carbon support can occur in three situations: 
normal operation of a fuel cell, fuel starvation, and partial coverage of hydrogen 
[82]. The rate of carbon corrosion depends on operating temperature and cell 
potential. For high-temperature PEM fuel cells, more attention should be paid to 
carbon corrosion because of the rapid rate of corrosion that occurs, particularly at 
high cell voltage (e.g., OCV). 
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Besides the above degradation modes, loss of hydrophobicity in the catalyst 
layer also contributes to performance degradation during lifetime testing. During 
the operation of a fuel cell, the hydrophobic material (typically 
polytetrafluoroethylene (PTFE)) in the catalyst layer can gradually lose its surface 
hydrophobicity, resulting in a water management issue [83], in particular a water 
“flooding” problem. 

The durability of a fuel cell also depends on operating conditions such as 
temperature, start and stop cycle, relative humidity, operating current, or voltage. 
Tang et al. [84] operated a PBI membrane-based fuel cell in the temperature range 
of 160 300 °C and found that the cell voltage could drop 120 mV at 0.32 A/cm 2 
after 6 hours of operation at 240 °C. Operating a fuel cell in a frozen environment 
could cause a change in membrane mechanical strength due to brittleness or other 
reasons, resulting in a decrease in fuel cell performance. 

21.6.2 Durability Testing 

Durability testing takes a long time in an operation environment, which is difficult 
as normally several thousand hours are necessary to obtain a meaningful 
conclusion. In the development of durability testing, some in situ and ex situ 
methods and techniques for material evaluation have been used, such as scanning 
electron microscopy (SEM), transmission electron microscopy (TEM), X-ray 
diffraction (XRD), inductively coupled plasma mass spectrometry (ICP-MS), CV, 
EIS and so on. However, new electrochemical and/or physical techniques are 
desirable to gain a better understanding of durability failure modes and then 
improve fuel cell durability and reliability. 



Current Density (amps cm‘2) Number of CV Cycles 


Figure 21.18. Polarization curves (a) and the active Pt surface area, (b) after CV cycling 
between 0.1 and 1.2 V [86], (Reprinted from Borup R, Davey J, Wood D, Garzon F, Inbody 
M, Guidry D. PEM fuel cell durability. In: 2005 DOE hydrogen program review. US DOE 
Hydrogen Program 2005 Annual Merit Review and Peer Evaluation Meeting; 2005 May 23- 
26; Arlington, VA. With pennission from DOE.) 

The best and simplest reliable method to test the durability of a fuel cell is to 
run the fuel cell directly, hour by hour, at the desired conditions. However, this 
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method is costly in time and materials so accelerated durability test (ADT) 
methods are needed. Normally, ADTs can be carried out under more “stressful” 
conditions compared to actual use conditions in order to accelerate fuel cell failure. 
In recent years, some ADT methods have been developed, such as CV cycling, 
load and temperature cycling [85], high-temperature operation [84], and low/no 
humidity operation [31, 68]. Figure 21.18 shows the polarization curves and active 
Pt surface areas after CV cycling [86]. Apparently, as the CV cycle increases the 
fuel cell performance decreases greatly due to the loss of active Pt surface area. 

The lifetime of a fuel cell is greatly shortened under accelerated testing. 
Therefore, a correlation between the accelerated and the actual tests must be 
established in order to confidently predict fuel cell durability. The failure modes in 
both accelerated and actual tests should be the same, otheiwise the correlation and 
the accelerated test are meaningless. Unfortunately, very few such correlations 
have been achieved so far. 


21.7 Conclusions 

This chapter has discussed the evaluation of the catalyst layer/MEA of PEM fuel 
cells. Catalyst layers and MEAs are the most important components in a PEM fuel 
cell. Therefore, their evaluation plays a critical role in the development and 
commercialization of PEM fuel cells. This evaluation can be carried out through 
physical characterization, half-cell tests, single-cell test, as well as 
lifetime/durability tests. Lifetime/durability is the final and decisive validating 
step. In order to diagnose and optimize catalyst layer/MEA performance, many 
physical and electrochemical methods have been developed over the past decades. 
In situ AC impedance (EIS) and cyclic voltammetry (CV) are very useful 
techniques for diagnosing PEM fuel cells. However, rapid and effective testing 
methods are still needed to achieve a fundamental understanding of fuel cell 
performance degradation mechanisms. 
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As an alternative clean energy technology, the proton exchange membrane fuel cell 
(PEMFC) could be widely used in residential, transportation, and military 
applications. However, several factors currently limit fuel cell system 
commercialization: low stack performance, short lifetime, and high cost. Catalyst 
layer composition is a key component in determining both stack performance and 
lifetime. Therefore, catalyst layer composition optimization is highly significant 
for improving MEA stability and continuity, enhancing stack lifetime, and 
reducing the overall system cost. This chapter discusses the main factors in catalyst 
layer composition that determine MEA performance. 


22.1 Catalyst Layer Materials Selection and Evaluation 

22.1.1 Catalyst Selection 

The catalyst layer plays a significant role in defining the performance of the MEA. 
Furthermore, according to the United States Department of Energy fiscal year 2005 
annual progress report, the catalyst layer accounts for 77% of the whole cost of a 
fuel cell stack [1]. To achieve high performance and reduce the cost of the MEA, 
catalyst selection should be the foremost task. Since the electrochemical reaction of 
the PEMFC is heterogeneous, taking place in a unique triple-phase interface, many 
catalyst features such as composition, morphology, particle size, and dispersion 
dramatically influence the activity and stability of the MEA. To ensure good 
performance, an electrocatalyst has to fulfill several requirements: 

(1) High electrochemical activity and contamination tolerance. An 
electrocatalyst should be of high intrinsic activity, to diminish electrochemical 
reaction polarization and enhance energy conversion efficiency. More specifically, 
the anode catalyst should have the ability to resist detrimental by-products such as 
CO and other intermediates that poison the active reaction surface; the cathode 
catalyst should have the ability to restrain crossover methanol oxidation when 
liquid methanol is selected as the fuel. 
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(2) High electrochemical area (ECA). To improve utilization and further reduce 
catalyst loading, the noble metal catalyst should be highly dispersed and have a 
high ECA. 

(3) Stability and durability. The electrocatalyst in a PEMFC always works in a 
highly acidic environment in which a solid polymer membrane is employed. The 
catalyst therefore should have high corrosion resistance to maintain its chemical 
stability. At the same time, the catalyst has to keep its activity and specific surface 
stable during its whole working potential. Moreover, high durability is also a key 
requirement, as a PEMFC is expected to operate for tens of thousands of hours. 

(4) Good electrical conductivity. The electrocatalyst not only provides a 
location for the electrochemical reaction but also acts as the main conductor for 
electron transfer. It thus should have good electrical conductivity to minimize 
resistive losses in the catalyst layer. 

(5) Appropriate catalyst support. It is generally recognized that support greatly 
influences the activity of the electrocatalyst and the performance of the MEA in a 
PEMFC. On the one hand, the inert support fixes the active phase on its surface, 
preventing the active phase from agglomerating; on the other hand, it also interacts 
with the active phase, improving its activity and selectivity. Therefore, a catalyst 
support should have a large surface area, high electrical conductivity, acceptable 
chemical stability, as well as low cost. 

In addition, the catalyst should be inexpensive to fabricate and manufacturable 
in high volumes with good reproducibility. 


Table 22.1. Commercial Pt/C catalysts for PEMFCs 


Supplier 

Product 

XRDPt 
crystalline 
size, nm 

CO chemisorption 
metal area, m 2 g 1 Pt 

Johnson Matthey 

37 wt% Pt/AC 01 

2.3 

130 

Johnson Matthey 

47 wt% Pt/AC 01 

2.4 

100 

Johnson Matthey 

57 wt% Pt/AC 01 

2.8 

85 

Johnson Matthey 

67 wt% Pt/AC 01 

3.5 

60 

E-TEK 

10 wt% Pt/Vulcan XC72R 

2.0 

140 

E-TEK 

20 wt% Pt/Vulcan XC72R 

2.5 

112 

E-TEK 

30 wt% Pt/Vulcan XC72R 

3.2 

88 

E-TEK 

40 wt% Pt/Vulcan XC72R 

3.9 

72 

E-TEK 

60 wt% Pt/Vulcan XC72R 

8.8 

32 

E-TEK 

80 wt% Pt/Vulcan XC72R 

25 

11 

E-TEK 

Pt black 

100 

28 


Platinum-based particle catalysts including Pt black powder, carbon-supported 
Pt, and carbon-supported Pt alloy are the most active, efficient, applicable, and 
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successful catalysts for fuel cell reactions in state-of-the-art MEAs. They are 
widely employed both as anode catalysts to oxidize fuel and as cathode catalysts to 
reduce oxygen. A number of suppliers, e.g., Johnson Matthey, E-TEK, Tanaka KK, 
and OMG, presently offer fuel cell catalysts. Some commercially available Pt/C 
catalysts are listed in Table 22.1. 

Originally, Pt black was used as the PEMFC electrocatalyst, and as an auxiliary 
power source in the Gemini space flights it exhibited excellent long-term 
performance but at a prohibitively high cost. As is shown in Table 22.1, the Pt 
black powders are always poorly dispersed and thus have low utilization. 
Subsequently, carbon-supported Pt was used in place of Pt black and the catalyst 
loading was dramatically reduced [2], Ongoing research has mainly focused on 
developing supported Pt alloys, to further increase catalyst activity and reduce 
loading. 



Pt. particle size/nm 

Figure 22.1. Relationship of Pt surface area to particle size, based oil spherical geometry 
[3], (Reproduced from Thompsett D. Catalysts for the proton exchange membrane fuel cell. 
In: Hoogers G, editor. Fuel cell technology handbook. Boca Raton: CRC Press, 2003. With 
permission from CRC.) 

Currently, hydrogen and methanol are the main fuels used in PEMFCs. The 
electrochemical oxidation of hydrogen on a wide range of metal surfaces is very 
facile, but in the acidic environment in which the catalyst must work only Pt and 
Pd show reasonable activity and stability. Many factors influence the activity and 
stability of a Pt/C catalyst, of which the dispersion of Pt particles seems to be 
particularly important. In general, to achieve the maximum number of active sites, 
Pt particles are finely dispersed on an inert support. The relationship between Pt 
particle size and surface area can be calculated by the following simple relationship 
(assuming spherical particles) [3]: 

S = 6 / (p Pt x d) 

where S is the Pt surface area, p Pt is the Pt density, and d is the particle diameter. 
The relationship is shown in Figure 22.1, where it can be seen that an increase in Pt 
particle size from 2 to 4 nm causes the Pt surface area to drop by half. Therefore, to 
achieve the maximum number of sites, the Pt particles need to be dispersed as 
finely as possible. Figure 22.2 shows the cyclic voltammetry (CV) of different 
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proprietary catalysts prepared by our laboratory in N 2 -saturated 0.5 mol/L H2SO4. 
The effect of particle size on the ECA is clear. 



Figure 22.2. CV for different particle sizes of Pt/C in N 2 -saturated 0.5 mol/L H 2 S0 4 ; room 
temperature; scan rate: 50 mV/s 

Although the Pt/C catalyst shows practical activity towards hydrogen oxidation, 
when a reformate stream is employed as fuel the catalyst may become unusable in 
the PEMFC because of catalyst poisoning. It is well known that the CO in the 
reformate stream binds very strongly to Pt sites. The adsorbed CO prevents the 
dissociative electrosorption of H 2 and dramatically lowers the cell potential 
produced by the MEA, since a much higher anode potential is required to sustain 
the rate of hydrogen electrooxidation. Furthermore, it has been discovered that C0 2 
also poisons the catalyst by generating CO through the reverse water gas shift 
reaction (RWGSR) and C0 2 electroreduction [4]. One of the methods to counter 
the problem of catalyst poisoning is catalyst alloying. 

Significant efforts have been made over several decades to develop CO-tolerant 
Pt alloy electrocatalysts. These electrocatalysts generally fall into two categories 
[4]. The first includes a wide range of Pt alloys that have been examined in an 
attempt to modify the CO and hydrogen electrosorption properties of Pt, in order to 
reduce the CO coverage and increase the rate of hydrogen electrooxidation. Iwase 
and Kawatsu [5] investigated 10 of these catalysts: PtRu/C, Ptlr/C, PtV/C, PtRh/C, 
PtCr/C, PtCo/C, PtNi/C, PtFe/C, PtMn/C, and PtPd/C. They found that only the 
PtRu/C catalyst, when exposed to reformate gas with 100 ppm of CO, showed cell 
performance equivalent to that of a pure hydrogen cell with a single metal Pt/C 
catalyst. The second category of electrocatalysts involves modifying Pt with metal 
oxides to catalyze the electrooxidation of CO to C0 2 at operating anode potentials. 
This reduces the CO coverage and increases the number of Pt electrocatalyst sites 
available for hydrogen electrooxidation. These electrocatalysts comprise a variety 
of carbon-supported PtMo, PtW, PtCoMo, and PtW0 3 catalysts [6-9]. It was 
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reported that a carbon-supported PtMo catalyst with a Pt:Mo ratio of 4:1 showed 
only a ~50 mV loss in performance with 100 ppm CO in H 2 , as compared to its 
performance in pure H 2 . In contrast, a carbon-supported PtRu catalyst (Pt:Ru =1:1) 
showed a ~160 mV loss. However, when the C0 2 in the reformate was under 
consideration, the PtMo/C showed inferior performance. As C0 2 is a significant 
component of reformed hydrocarbon fuel, such C0 2 intolerance limits the use of 
PtMo catalysts in practical PEMFC systems [10]. 

In addition to the two categories of catalyst described above, Ross et al. [11] 
developed a non-platinum based alloy, Au-Pd/C, which showed promising CO 
tolerance. They reported a three-fold improvement in electrooxidation of CO/H 2 
with their catalyst as compared to a PtRu catalyst. Schmidt et al. [12] also prepared 
a PdAu/C electrocatalyst, and the CO/H 2 oxidation measurements made by the 
thin-film rotating disk method showed the superior activity of PdAu as compared 
with a PtRu catalyst. However, further no further reports on that catalyst-based 
MEA are available. 

To date, the carbon-supported PtRu alloy catalyst is still the main choice for 
reformate operating PEMFCs. It is generally accepted that the enhanced CO 
tolerance of PtRu/C is attributable to both a bi-functional mechanism [13-14] and 
an electronic effect [15-16]. The bi-functional mechanism involves water 
activation by Ru and subsequent CO electrooxidation on a neighbouring Pt atom. 
In the electronic effect, the Ru alloying reduces the Pt electron density, which 
should weaken the Pt-CO bond strength and decrease CO coverage on the PtRu, 
thus increasing the number of electrocatalyst sites available for hydrogen 
electrosorption and electrooxidation. However, which mechanism plays a more 
important role in enhancing CO tolerance is still not clear. Some work has been 
devoted to optimizing the PtRu composition. Iwase and Kawatsu [5] reported that 
equivalent performance was found for 20 wt% PtRu/C catalysts with Pt:Ru ratios 
from 85:15 to 15:85, when operated on a fuel of 100 ppm CO in H 2 . They also 
showed that alloying the Pt and Ru was necessary to give optimum CO-tolerant 
performance. Oetjen et al. [17] found that carbon-supported Pt 05 Ruo .5 showed 
better CO tolerance than other PtRu compositions. Antolini et al. [ 18] investigated 
PEMFC performance using PtRu/C electrocatalysts by E-TEK with different Ru 
contents. The best value was obtained for a Pt:Ru catalyst with an atomic ratio of 
1:1. However, Qi and Kaufman [19] found that PtRu/C catalysts with the same 
Pt:Ru 1:1 atomic ratio and the same Pt-Ru crystallite size but made by different 
manufacturers have different CO tolerances under the same operating conditions. It 
is therefore suggested that optimal catalyst composition can be related to both 
surface composition (depending on the catalyst preparation method) and unalloyed 
Ru [20], 

As the carbon-supported PtRu alloy catalyst seems the most practical for use in 
PEMFCs, many studies have investigated PtRu alloying with a third element, e.g., 
W, Mo, Sn, Nb, Au, Ag, Ir, Ni, in an attempt to further improve catalytic activity 
[21-25]. Some of the elements, such as W, Mo, Sn, Ir, and Ni clearly show further 
improvement in activity due to the co-catalytic effect, while other elements, such 
as Nb, Au, and Ag show no improvement but rather a negative effect CO/H 2 
electrooxidation activity. Furthermore, catalysts with different metal atomic ratios 
show unparallel activity toward CO/H 2 electrooxidation. In summary, the 
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electrochemical activity of carbon-supported Pt-Ru-M catalysts depends on their 
intrinsic parameters such as the type of third metal, the metal atomic ratio, the 
degree of alloying of Ru and M, the particle size, and the current density. In 
addition, composite catalysts PtRu-H x M0 3 /C (M = Mo and W), prepared by 
dispersing PtRu particles in a composite support composed of colloidal H x M0 3 (M 
= W or Mo) and Vulcan XC72, were also developed [26]. The catalysts showed a 
better CO tolerance than PtRu/C, by lowering the starting potential for CO 
oxidation and improving the H 2 oxidation when active sites on the noble metals 
were blocked by CO. 


H* 



Figure 22.3. A reaction scheme of methanol oxidation on the Pt catalyst surface [27]. 
(Reproduced from Hogarth MP, Ralph TR. Catalysis for low temperature fuel cells Part III: 
challenges for the direct methanol fuel cell, Plat Met Rev 2002;46(4): 146-64, ©2002, with 
permission from Johnson Matthey PLC.) 

When liquid methanol is employed as the fuel, the sluggish methanol oxidation 
kinetics on the anode catalyst may be the main hindrance, dramatically reducing 
the overall MEA performance. Much work has focused on exploring anode 
catalysts that can effectively enhance the methanol electrooxidation kinetics. 
Currently, only Pt-based electrocatalysts display the necessary activity and stability 
in the acidic environment of the DMFC. Figure 22.3 shows the generally accepted 
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mechanism of methanol oxidation on a Pt catalyst [27]. The methanol oxidation 
activity of pure Pt rapidly decays in the low-potential region due to the strongly 
bound intermediates, mainly the -CO a ds- Therefore, the development of Pt-based 
electrocatalysts has mainly been directed at the addition of a secondary component 
(e.g., Ru, Sn, W, Re) that can provide an adsoiption site capable of forming OH ads 
species at low potentials adjacent to poisoned Pt sites [28]. In addition, other 
factors besides good CO tolerance, such as methanol adsoiption and 
dehydrogenation, play an important role in the methanol oxidation reaction. Thus, 
the carbon-supported PtRu catalyst is again considered to be the most promising 
anode material. In addition, some ternary catalysts based on carbon-supported PtRu 
catalysts show enhanced activity and have also been developed for methanol 
oxidation [29]. 


H 2 (g)+l/20 2 (g) EM=148V 



Figure 22.4. Overpotential components in a PEMFC [30], (With kind permission from 
Springer Science+Business Media: Journal of Applied Electrochemistry, Progress in the 
synthesis of carbon nanotube- and nanofiber-supported Pt electrocatalysts for PEM fuel cell 
catalysis, 36(5), 2006, 507-22, Lee K, Zhang J, Wang H, Wilkinson DP, Figure 1, 
©Springer.) 

MEA performance is also seriously limited by the sluggish electroreduction of 
oxygen on the state-of-the-art Pt/C cathode catalyst in both PEMFCs and DMFCs. 
As is shown in Figure 22.4, the overpotential for the oxygen reduction reaction 
(ORR) in a PEMFC contributes about 80% of the total cell voltage loss [30]. In 
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order to reduce the overpotential of the ORR and further improve cathode 
efficiency, high-activity ORR catalysts need to be developed. Based on early work 
with PAFC cathodes, many studies have focused on alloying the Pt/C catalyst with 
a base-metal to improve the catalytic activity. Mukerjee and Srinivasan [31] 
reported that the carbon-supported PtCr, PtCo, and PtNi alloy catalysts showed a 
20-30 mV activity gain over Pt/C at a low current density range. Johnson Matthey 
[32] investigated carbon-supported PtFe, PtMn, PtNi, PtTi, and PtCr for PEMFCs, 
demonstrating that PtTi, PtMn, and PtFe catalysts could enhance fuel cell 
performance by 20-40 mV in a practical current density range. Xiong et al. [33] 
investigated carbon-supported Pt-M (M = Fe, Co, Ni, and Cu) in PEMFCs and 
found that the Pt-M alloy catalysts showed improved catalytic activity for the ORR 
in comparison with Pt, and the Pt-Co catalyst presented the best performance 
among the various alloy catalysts investigated. It appears that the use of Pt-alloy 
catalysts to enhance activity and lower costs is a feasible approach for 
implementation in practical PEMFCs. 

However, the stability of the carbon-supported Pt-M catalysts may also limit 
their application in PEMFCs. In the acidic environment the base-metal may leach 
out of the catalysts. The base-metal cations can easily exchange with protons in the 
membrane or ionomer, giving rise to decreased membrane/ionomer conductivity, 
dehydration of the membrane, and a decreased oxygen diffusion coefficient in the 
ionomer [34]. Some authors reported high catalyst stability after more than 1000 
hours of duration tests in PEMFCs [31, 34]. On the other hand, the materials had 
poor stability following short-duration (a few hours) measurements in half cells 
[35-36]. There are also conflicting views on the main factor influencing catalyst 
stability. Some authors [32, 36] consider that the stability of non-noble metals in an 
acid environment depends on the type of metal, while Antolini et al. [37] have 
suggested that the stability of these catalysts depends on the degree of alloying and, 
to a lesser extent, on the metal particle size, and not on the kind of M. Despite 
contradictory outcomes for Pt-M catalysts in PEMFCs, it is still generally accepted 
that the use of carbon-supported Pt-M catalysts as cathode materials in low- 
temperature fuel cells is preferable, provided that their activity and stability can be 
further improved. 

The carbon support also plays an important role in ME A performance. Catalyst 
utilization is greatly increased and the loading greatly reduced as a result of the 
chosen carbon support. On the one hand, the carbon material has a strong influence 
on the properties of supported noble metal catalysts, such as metal particle size, 
morphology, size distribution, alloy degree, stability, and dispersion. On the other 
hand, carbon supports can also affect the performance of supported catalysts in 
various ways, such as mass transport and catalyst layer electronic conductivity, 
electrochemical active area, and metal nanoparticle stability during operation. 
Carbon blacks are generally used as supports for catalysts, and there are two main 
types: oil-furnace blacks and acetylene blacks; some commonly used carbon black 
supports are listed in Table 22.2 [3]. Recently, there has also been report of carbon 
nanomaterials being used as supports; however, when applied to fuel cells these 
materials still face some challenges, such as carbon nanomaterial synthesis, metal 
loading, and electrode preparation [38]. 
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Table 22.2. Carbon blacks that have been used as support for Pt catalysts in PEMFCs [3], 
(Reproduced from Thompsett D. Catalysts for the proton exchange membrane fuel cell. In: 
Hoogers G, editor. Fuel cell technology handbook. Boca Raton: CRC Press, 2003. With 
permission from CRC.) 


Carbon 

Supplier 

Type of carbon 

BET surface 
area (m 2 g _1 ) a 

DBP 

adsorption 

(units) b 

Vulcan XC 72 

Cabot Corp. 

Furnace black 

250 

900 

Black Pearls 
2000 

Cabot Corp. 

Furnace black 

1500 

330 

Ketjen 

EC300J 

Ketjen Black 
International 

Furnace black 

800 

360 

Ketjen 

EC600JD 

Ketjen Black 
International 

Furnace black 

1270 

495 

Shawinigan 

Chevron 

Acetylene black 

80 

- 

Denka black 

Denka 

Acetylene black 

65 

165 


a BET: Braiuiauer-Emmett-Teller method 

b DBP: dibutyl phthalate number (measure of carbon void volume) 


22.1.2 Gas Diffusion Layer (GDL) and Microporous Layer (MPL) Materials 
Selection 

As an important component in PEMFCs, the gas diffusion layer (GDL) provides 
mechanical support for the catalyst layer, an electronic pathway for electrons, and a 
flow channel for the reacting gas and product water. To fulfill these functions, it 
has to meet several requirements. Firstly, as a base substrate for the catalyst layer, 
the GDL should have a surface that reduces contact resistance while having 
sufficient mechanical strength and flexibility. Secondly, as an electronic conductor 
between the bipolar plate and the catalyst layer, the GDL should have high 
conductivity. To improve gas distribution and water management, the GDL should 
be porous and hydrophobic. In addition, it should have good heat conductivity for 
heat management, and high corrosion resistance to keep the MEA stable. 
Typically, wet-proofed carbon paper and carbon cloth with a thickness of 100-300 
pm are used as the GDL in PEMFCs. Both of them are carbon-fiber-based porous 
materials: carbon paper is non-woven while carbon cloth is a woven fabric. Figure 
22.5 shows SEM images of these two GDL substrates. A number of suppliers, e.g., 
Toray, SGL, and Ballard presently offer carbon GDLs. Table 22.3 lists some 
commercial carbon papers provided by Toray. 

It can be observed that PEMFC performance employing carbon cloth GDLs is 
different from that when using carbon paper GDLs. Ralph et al. [39] showed that at 
high current density with internal humidification in Ballard Mark V cells the 
carbon cloth offered a distinct advantage compare to carbon paper. They deemed 
the surface porosity and hydrophobicity of the carbon cloth substrate to be more 
favorable for the movement of liquid water, and thus both water management and 
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mass transport were enhanced. Frey et al. [40] investigated different prefabricated 
ME As with different carbon GDLs. They found that the best performance for a 
MEA with carbon paper as the GDL was obtained when the membrane electrode 
unit was hot-pressed. When using carbon cloth as the GDL, better performance 
was obtained when the GDL was hot-pressed together with the MEA. Wang et al. 
[41] set up a numerical model to explore the fundamentals behind experimentally 
observed performance differences between the two carbon GDLs. The results 
indicated that carbon cloth is the better choice as a GDL material at high-humidity 
operation due to the low tortuosity of the pore structure and the rough textural 
surface that facilitates droplet detachment. However, under dry conditions, carbon 
paper shows better performance due to its more tortuous structure, which prevents 
the loss of product water to dry gas streams, thus increasing the membrane 
hydration level and reducing the ohmic loss. 



(a) <b) 

Figure 22.5. SEM of: (a) carbon paper and (b) carbon cloth [125], (Reprinted from Journal 
of Power Sources 134(1), Lu GQ, Wang CY. Electrochemical and flow characterization of a 
direct methanol fuel cell, 33-40, ©2004, with pennission from Elsevier.) 

Table 22.3. Physical properties of TGP-H carbon paper 


Unit 

Thickness 

(mm) 

Electrical resistivity (mfJcm) 

Porosity 

(%) 

Bulk 

density 

(g/cm 3 ) 

through 

plane 

in plane 

TGP-H-030 

0.09 

70 

5 

75 

0.42 

TGP-H-060 

0.17 

70 

5 

73 

0.49 

TGP-H-090 

0.26 

70 

5 

73 

0.49 

TGP-H-120 

0.35 

70 

5 

73 

0.49 


The thickness of the GDL substrate is important in determining the 
performance of PEMFCs. Lin and Nguyen [42] investigated the effect of carbon 
paper GDL substrate thickness on electrode flooding and cell performance. They 
found that the pore volume and through-plane permeability of GDLs are two main 
factors influencing performance. Gas transport and liquid water removal were 
enhanced with a thinner GDL due to the higher superficial velocity at a given air 
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volumetric flow rate. However, the thinner GDL was more sensitive to water 
accumulation because of the smaller pore volume. In the SGL carbon paper group, 
the thinnest paper - which is more sensitive to water and has the lowest 
permeability - showed the worst performance. In the Toray carbon paper group, 
the 275 pm and 370 pm carbon papers have the same permeability, and neither are 
sensitive to water, so the thicker demonstrated poorer performance. The 190 pm 
carbon paper has the highest permeability but is more sensitive to water, so the 
competing effects put its performance in between those of the 275 pm and 370 pm 
carbon papers. Xu et al. [43] also investigated the effect of carbon paper GDL 
substrate thickness on the cell performance of DMFCs. Their results showed that 
the thinnest carbon paper yielded the lowest cell voltage of nearly the entire current 
region. As carbon paper thickness increased so did cell voltage, and the medium¬ 
thickness carbon paper gave the highest voltage. However, with a further increase 
in carbon paper thickness, the cell voltage remained in the low current density 
region, dropping rapidly with increasing current density. They suggested that the 
change in cell performance is caused solely by changes in the mass transfer 
resistance. 

Some alternative GDL substrates have also been developed for PEMFCs. 
Campbell et al. [44] developed a new type of GDL consisting of a poorly 
conducting carbon web fdled with an electrically conducting filler, such as carbon 
black. Glora et al. [45] investigated the use of resorcinol-formaldehyde aerogel 
film reinforced with carbon fibers. They implemented the GDL in a test cell and 
found a power density only 1/6 that of a typical PEMFC, but this was attributed to 
poor catalyst layer preparation rather than the GDL. Shao et al. [46] developed a 
porous structure based on Ti mesh, pre-coated with carbon as the GDL of a DMFC. 
Wan et al. [47, 48] also described an integrated composite MEA (ICMEA) using a 
porous metal sheet as the GDL. Both of their MEAs showed acceptable 
performance. Yazici [49] also proposed a new type of GDL using perforated 
GRAFCELL' natural graphite in a DMFC. The cell performance showed 
advantages over a cell with a commercial GDL. The author suggested that large 
open areas with intrinsic permeability and proper polytetrafluoroethylene (PTFE) 
application helped in the effective transport of gas and liquid within the perforated 
GRAFCELL® natural graphite GDL for better DMFC performance over 
conventional diffusion media at room temperature. 

To ensure good water management, the GDL is typically wet-proofed. The wet- 
proofed GDL can drain out product water to keep its pores from becoming 
clogged, which prevents diffusion of the reacting gas and further affects the 
PEMFC’s overall power output performance. Wet-proofed GDLs are usually 
prepared by immersing the GDL substrate in a hydrophobic agent dispersion, such 
as PTFE and FEP. However, the hydrophobic agent is not an electric conductor 
and reduces the porosity. Therefore, the amount of hydrophobic agent applied 
should be carefully controlled. Lim and Wang [50] showed that an MEA with a 10 
wt% FEP-impregnated cathode GDL provided a higher power density than one 
with 30 wt% FEP-impregnated carbon paper. They suggested that the excessive 
FEP impregnation results in significant blockage of surface pores and hence a 
highly restricted surface for reactant transport and product removal. Recently, a 
new surface plasma treatment method has also been developed to improve the 
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GDL’s hydrophobic properties. Pai et al. [51] investigated MEA performance with 
a CF 4 plasma-treated carbon cloth GDL. Polarization measurement showed that the 
CF 4 plasma-treated module indeed enhanced cell performance, as compared to 
MEAs with a non-wet-proofed GDE, a 10 wt% PTFE dip-coated GDE, and a 
commercially available GDE. The CF 4 plasma treatment does not leave excessive 
hydrophobic material residuals to block or seal the gas diffusion pores, thus the 
surface-plasma-treated GDL shows a promising future with PEMFCs. 

To enhance intimate electronic contact with the catalyst layer and further 
improve both gas and water transport, a microporous layer (MPL) composed of 
carbon black powder and a hydrophobic agent such as PTFE is applied to the GDL 
substrate. The resulting pores in the MPL are primarily between 0.1-0.5 pm in 
diameter, much smaller than the pore size of the carbon paper (10-50 pm), so the 
MPL also prevents the catalyst ink from penetrating the GDL substrate, which 
decreases catalyst utilization. Thus, in that configuration, the GDL is divided into 
two layers: a macro-porous carbon substrate and a microporous composite layer. 
Figure 22.6 shows the schematic of a double-layer GDL. 
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Figure 22.6. Schematic of a double-layer gas diffusion layer 


The thickness of the MPL is critical to fuel cell performance. Paganin et al. [52] 
showed that the performance of their thin-film electrodes increased considerably 
when the MPL thickness was increased from 15 to 50 pm, but when the thickness 
was further increased the performance dropped. According to these researchers, if 
the MPL is too thin, the cell total resistance increases for want of a sufficient 
carbon/PTFE layer to establish good electronic contact between the rough 
macroporous substrate and the catalyst layer; conversely, if the MPL is too thick, 
the diffusion distance and electrical resistance increase. 

The hydrophobic agent content in the MPL can also influence cell performance. 
PTFE is the most commonly used hydrophobic agent. As PTFE content increases, 
the pore size decreases, resulting in higher mass transport resistance, while if the 
PTFE content gets too low, the water removal capability drops, resulting in 
electrode flooding. Paganin et al. [52] showed that the PTFE content in an MPL 
was optimal at a value of 15 wt%. Lufrano et al. [53] found that the optimal PTFE 
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content was 20 wt%, though no significant change in performance was found when 
varying the content from 10 to 60 wt%. However, when the oxidant stream 
consisted of air, performance was more influenced by PTFE content at elevated 
current densities. Williams et al. [54] suggested that the optimal PTFE content in 
an MPL for near-saturated operation is between 15 and 20 wt%. 

Besides the typically used Vulcan XC72, various types of carbon black powder 
with different morphologies and pore structures have been employed to prepare 
MPLs. Jordan et al. [55] showed that acetylene black carbon with a low micropore 
volume and an optimized thickness delivered a better performance in PEMFCs 
than Vulcan XC72. Passalacqua et al. [56] investigated several carbon blacks and 
graphite as MPL carbon materials. Their results showed that Shawinigan with high 
pore volume and small average pore size gave the best performance. Antolini et al. 
[57] compared the performance of cathodes with Shawinigan and Vulcan XC72 in 
MPLs and showed that the PEMFC using Shawinigan in the cathode MPL 
outperformed the one using Vulcan XC72, particularly at high current densities and 
high oxygen pressure. Recently, Wang et al. [58] developed a novel bi-functional 
MPL which consists of composite carbon powders of acetylene black carbon and 
Black Pearls 2000 carbon. Enhanced cell performance was obtained by using the 
MPL with composite carbon black. Park et al. [59] also fabricated a composite 
MPL comprising 25 wt% carbon nano-ftber and 75 wt% Vulcan XC72 that showed 
the best cell performance. They deemed that the thinner MPL, achieved by 
adapting the carbon nano-ftbers, affected the performance by enhancing gas 
permeability and electric conductivity while simultaneously maintaining water 
management ability. 

Some pore formers have also been employed to modify the microstructure of 
the MPL. Kong et al. [60] studied the effect of MPL pore size distribution on cell 
performance by adding various amounts of pore former. They found that a 
combination of heat treating and pore former addition produced the highest 
porosity and power density. Tang et al. [61] prepared an MPL with graded porosity 
(GMPL) by printing with different contents of pore former and studied the effect of 
this GMPL on the performance of a PEMFC. The results showed enhanced cell 
performance due to the graded pore structure, especially at high current densities. 

In addition, when the anode GDL in a DMFC is under consideration, Nation 
ionomer is also employed as a binder in the MPL to make the GDL hydrophilic. 
Neergat et al. [62] investigated cell performance in different PEMFCs with 
hydrophobic anodic MPLs and hydrophilic anodic MPLs. Their results showed that 
the cell with a hydrophilic anodic MPL containing 10 wt% Nafion yielded better 
performance. Zhang et al. [63] investigated the influence of anode GDLs on the 
performance of low-temperature DMFCs, and the properties of mass transport and 
CO 2 removal at these anode GDLs. Again, the MEAs with the hydrophilic anode 
MPLs comprised of carbon blacks and 10 wt% Nafion showed superior 
performance to the MEAs with hydrophobic MPLs. In addition, the hydrophilic 
anode GDLs improved C0 2 removal. 
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22.2 Fabrication Optimization Processes for the Catalyst Layer 
ofMEAs 

22.2.1 GDL Substrate Preparation 

Typically, to avoid MEA flooding, carbon paper or carbon cloth GDL substrates 
are wet-proofed using PTFE dispersion, the most common of which is 
commercially available. The detailed preparation process of PTFE dispersion is as 
follows. Tetrafluoroethylene (TFE) was polymerized through stirring it under 
pressure in an aqueous solution of polymerization emulsifier such as ammonium 
polyfluorocarboxylate, in the presence of ammonium persulfate or succinic acid 
peroxide as a polymerization initiator. An aqueous dispersion containing a certain 
weight ratio of PTFE particles was obtained, with an average particle diameter of 
about 0.20 pm. A nonionic surfactant such as polyoxyethylene alkyl phenyl ether 
or polyoxyethylene alkyl ether was then added to the PTFE particles, the pFI was 
adjusted to 9-10 with aqueous ammonia, and the suspension was heated while 
stirring then left at a moderate temperature. After a brief standing period, the 
dispersion was divided into a transparent aqueous solution upper layer and an 
aqueous lower layer having a high concentration of PTFE particles. The upper 
layer was then removed to obtain a concentrated PTFE dispersion. This dispersion 
was added to the dilute nonionic surfactant solution to adjust the PTFE content to a 
desired weight ratio. The nonionic surfactant is the most important agent in 
defining the properties of PTFE dispersion. Originally, polyoxyethylene alkyl 
phenyl ether was used in PTFE dispersion. Flowever, a surfactant containing a 
benzene ring in its structure can convert into a harmful organic aromatic compound 
on thermal decomposition, giving rise to air pollution. Also, such a surfactant is 
insufficiently volatile and degrades upon heating, which can lead to deposits on the 
electrode that impair MEA performance. Therefore, polyoxyethylene alkyl ether is 
now developed for its relatively lower decomposition temperature, as a substitute 
for polyoxyethylene alkyl phenyl ether [64, 65]. 

In wet-proofing treatment, carbon paper or carbon cloth GDL substrates are 
usually cleaned by rinsing in acetone to remove contaminants. The GDL substrate 
is then dipped in a PTFE dispersion and dried. This step is repeated until the 
desired PTFE content is coated on the substrate. After that, the impregnated GDL 
substrate is baked at a relative low temperature (e.g., 280 °C) to remove the 
surfactant, then sintered at a relative high temperature (e.g., 350 °C) to melt the 
PTFE. A wide range of PTFE loadings have been used in the GDL substrate, 
typically from 5 wt% to 30 wt%. The PTFE loading controls the 
hydrophobic/hydrophilic properties of the GDL substrate, which are vital to water 
management. The hydrophobic pores allow reactant gas transport and prevent 
water vapor from condensing and gathering, averting electrode flooding. The 
higher the PTFE loading, the more hydrophobic is the GDL. However, the entire 
GDL substrate surface cannot be made hydrophobic because a hydrophilic surface 
is also needed for liquid water transport. Consequently, an optimal distribution of 
hydrophobic and hydrophilic surface is needed [42]. 

To ensure more uniform PTFE covering, the GDL substrate is always sintered 
after the above-described coating with PTFE; the sinter temperature is higher than 
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the PTFE melting point. Bevers et al. [66] investigated the effect of sintering 
temperature on GDL substrate characteristics and showed that sintering improved 
gas permeability: the higher the sintering temperature, the better the gas diffusion 
in the GDL substrate. However, the through-plane electrical conductivity was 
negatively affected by higher sintering temperature. Therefore, sintering 
temperature selection should be a tradeoff between gas permeability and 
conductivity. 

22.2.2 Microporous Layer (MPL) Preparation and Optimization 

As described above, the microporous layer (MPL) composed of carbon black and a 
hydrophobic agent is applied to the GDL substrate to improve electrical 
conductivity and mass transport. The MPL is generally prepared as follows. A 
homogeneous suspension of carbon black and PTFE emulsion is made by mixing 
and stirring these in an ultrasonic bath. The suspension is then sprayed or spread on 
the GDL substrate. After drying, the sample is baked and sintered as described 
above for GDL substrate hydrophobic treatment. A homogeneous distribution of 
carbon and PTFE is desirable to guarantee a uniform porous structure in the 
diffusion layer for efficient mass transport as well as in-plane and through-plane 
electronic conductance. The choice of preparation strategy is decisive for obtaining 
a homogeneous suspension. Lindermeir et al. [67] suggested that the commonly 
used preparation method of stirring is difficult to control and leads to problems 
during the subsequent processing steps, because of the short duration of suspension 
stability and the wide range of particle sizes. They used a computer controlled wet- 
ball-mill to prepare the suspension and showed that ball-milling improved stability, 
reduced sedimentation, and hence extended processability. The resulting narrow 
particle size distribution simplified further processing. 

Besides the most widely used wet methods such as filtering, spreading, and 
spraying, the dry deposition technique has also been developed to prepare MPLs. 
The detailed preparation process is as follows. A mixture of carbon and PTFE 
powder driven by a gas pump through mesh is deposited on the surface of a wet- 
proofed GDL substrate. After that, the mixture together with the wet-proofed GDL 
substrate is sintered at 350 °C to melt the PTFE. Finally, the GDL is rolled to 
flatten its surface. The distance between the roller and stainless steel plate is kept 
constant by adjusting a gauge. Figure 22.7 shows a schematic diagram for 
preparing a GDL by the dry deposition technique. Yu et al. [68] suggested that the 
dry deposition technique allows simple mass production of GDLs and better 
repeatability compared with the wet method, and is easily scaled up for industrial 
requirements. In addition, during the process no solvents are required, so the dry 
technique is environmentally benign and avoids dry time, which is promising for 
commercial applications. 

Generally, the hydrophobic property of an MPL is adjusted by adopting 
different binders and controlling their content. In most cases, PTFE is employed as 
the binder for a hydrophobic MPL, while in the anodic GDL of a DMFC Nation is 
also used in the MPL to make the GDL hydrophilic. A hydrophilic MPL may 
facilitate methanol transport and improve C0 2 removal, resulting in better cell 
performance [63, 67]. But in most cases, the more important factor influencing 
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GDL hydrophobicity is PTFE content in the MPL. The greater the PTFE content, 
the more hydrophobic the GDL [43]. Flowever, a hydrophilic liquid transport path 
is also needed, so there is an optimum PTFE content for the MPL, as described 
above. The hydrophobic property of the MPL is generally characterized by contact 
angle measurement, the most common method being sessile drop. The 
measurement procedure is as follows [69]. A 15 pL droplet of water is made by 
placing the tip of a syringe close to the sample surface. The water droplet is then 
attached to the sample surface but prior to this, the wetting process is recorded 
until no significant change at the surface is observed. Then the contact angle is 
measured. 



Figure 22.7. Schematic diagram of dry deposition technique: (1) mixture of carbon and 
PTFE powders, (2) mesh, (3) gas pump, (4) high-temperature sinter, (5) roller, (6) 
microporous layer, (7) macroporous substrate, (8) stainless steel plate [68], (Reproduced by 
permission of ECS—The Electrochemical Society, from Yu J, Yoshikawa Y, Matsuura T, 
Islam MN, Hori M. Preparing gas-diffusion layers of PEMFCs with a dry deposition 
technique.) 

MPL thickness is primarily controlled by the applied carbon loading. It is 
generally accepted that a thin MPL improves gas transport and facilitates the 
removal of water, but it has high electronic resistance and does not give a non- 
permeable support for coating with the catalyst layer, while a thick MPL hampers 
gas accessibility because of the lengthened path through the MPL and also has 
poor gas diffusivity. Hence, an intermediate carbon loading may be beneficial [52, 
55, 70, 71]. Also, Song et al. [72] showed that optimal carbon loading of the MPL 
yielded the maximum active area for the catalyst in the catalyst layer. 

The pore structure of the MPL is always tailored by the carbon type and pore 
former. According to current literature [58, 68], the pores in a GDL are mainly in 
three size ranges: macropores (10-100 pm), mesopores (0.1-10 pm), and 
micropores (< 0.1 pm). The macropores formed by PTFE are hydrophobic and 
mainly act as gas passages. The micropores, which are derived from the original 
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carbon powder, function as liquid water passages because water vapor is easily 
condensed into liquid water in a smaller pore. For mesopores, those with PTFE are 
hydrophobic while those without are hydrophilic. It seems that the acetylene-black- 
based GDL outperforms the Vulcan XC72-based GDL in terms of higher pore 
volume and lower microporosity [55-57, 68, 70]. In addition, some pore formers 
are also used to tailor the pore structure of the GDL [60, 61]. Generally, the pore 
forming treatment is earned out as follows. Pore former is mixed with a carbon 
suspension; after the suspension has been applied to the GDL substrate and dried, 
the MPL is treated in acid solution, or sintered in an oven, or subjected to a 
combined treatment, according to what pore former is used. 

Bulk porosity, hydrophobic/hydrophilic porosity, and pore size distribution are 
the most important parameters of the GDL microstructure. Bulk porosity and 
hydrophobic/hydrophilic porosity are always determined as follows [54, 58]. The 
sample is immersed in water and then in decane. The water fills only the 
hydrophilic pores while the decane can fill both hydrophilic and hydrophobic 
pores. By weighing the sample before and after measurement, total pore volume 
and hydrophilic pore volume can be calculated. The solid volume of the GDL is 
calculated using the principle of buoyancy. The bulk or hydrophilic porosity of the 
GDL is defined as its total pore volume or hydrophilic pore volume divided by the 
sum of its total pore volume and its solid volume. Hydrophobic porosity is 
determined by subtracting the hydrophilic porosity from the bulk porosity. Pore 
distribution is determined by mercury-intrusion porosimetry [54]. Measurement is 
made of the amount of mercury that penetrates the pores of the sample as a 
function of the applied pressure. The pressure required for mercury to penetrate a 
certain size of pore is a function of the pore diameter. The pore size distribution of 
the GDL is then collected and analysis yields the cumulative pore size distribution. 

22.2.3 Catalyst Ink Composition and Preparation 

Generally, catalyst ink is prepared by dispersing appropriate amounts of catalyst 
and ionomer solution in a mixture of solvent. All mixtures are stirred vigorously 
and ultrasonicated to achieve a uniform suspension. Originally, PTFE was used as 
the catalyst layer binder, as it was in phosphoric acid fuel cells (PAFCs). However, 
the Nafion membrane in a PEMFC does not penetrate into the catalyst layer in the 
way that a liquid electrocatalyst does, so the reaction area is limited to the 
membrane/catalyst layer interface, resulting in low Pt utilization. Subsequently, 
Nafion has been used as a binder and proton conductor to increase the reaction 
area, boosting Pt utilization dramatically [2]. When Nafion solution is mixed with 
solvent, the mixture may become a solution, a colloid, or a precipitate. If the 
mixture is a solution (i.e., the “solution method”), excessive ionomer may cover 
the carbon surface, resulting in decreased Pt utilization. When the mixture is a 
colloid (the “colloidal method”), ionomer colloids adsorb the catalyst powder and 
the size of the catalyst powder agglomerates increases; as a result, the porosity of 
the catalyst layer increases and accordingly, the mass transfer resistance 
diminishes. The continuous network of ionomers throughout the catalyst layer also 
increases, improving proton movement from the catalyst to the membrane [73]. 
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Figure 22.8. Schematic diagram of the microstructures in the catalytic layer according to the 
catalyst ink preparation method [73]: (a) solution method, (b) colloidal method. (Reprinted 
from Journal of Power Sources, 106(1-2), Shin SJ, Lee JK, Ha HY, Hong SA, Chun HS, Oh 
IH. Effect of the catalytic ink preparation method on the performance of polymer electrolyte 
membrane fuel cells, 146-52, ©2002, with permission from Elsevier.) 


The properties of the solvent in catalyst ink play an important role in 
determining catalyst layer microstructure and cell performance. It is known that the 
dielectric constant (s) of the solvent influences the degree of aggregation of the 
Nafion ionomers. In solvents with e > 10, a solution is formed; in solvents with e 
between 3 and 10, a colloidal solution is formed; and in solvents with s < 3, 
precipitation occurs [74]. A less polar solvent forms a relatively larger agglomerate 
and thus bigger pores, which facilitate mass transfer. Also, a less polar solvent can 
result in higher proton conductivity in the catalyst layer [75]. Both enhanced mass 
transfer rate and higher proton conductivity improve cell performance. However, 
the catalyst ink deposition process requires a compromise between the dielectric 
constant and other properties such as the viscosity, boiling point, and carbon wet 
capacity of the solvent [76]. High viscosity is needed to maintain a stable catalyst 
ink suspension. For higher catalyst metal loading, higher viscosity is required. For 
example, glycerol has high viscosity and is generally added to catalyst ink to 
increase the latter’s paintability and stability. But this solvent has a high boiling 
point and may remain in the catalyst layer, blocking the pores and thus decreasing 
gas transport [77]. Chisaka et al. [78] showed that for MEAs not subjected to the 
steaming process, when the mass ratio of glycerol to carbon (r gc ) is more than 5, 
the remaining glycerol is proportional to r gc . Cell performance decreases with 
increasing r gc because the remaining glycerol blocks the pores and reduces the 
number of reaction sites. In addition, the carbon wet capacity of the solvent may 
also be an important factor. Lim et al. [79] suggested that the high hydrophobicity 
of the MPL toward the deionized water solvent might not allow the ink to penetrate 
the layer’s surface and hence decreases the integrity between the catalyst layer and 
the MPL, resulting in a high interfacial ohmic resistance at the interface. 

The Nafion content in catalyst ink should be controlled appropriately. Too little 
Nafion and the ionic conductivity of the catalyst layer is insufficient, leading to 
low Pt utilization and high ohmic resistance; too much Nafion and the gas 
accessibility and electronic conductivity of the catalyst layer are insufficient [52, 
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72, 80, 81]. Figure 22.9 shows the effect of Nafion content in catalyst ink on 
catalyst layer structure. Passalacqua et al. [81] suggested that the optimum Nafion 
content in catalyst ink is located at about NFP (Nafion percentage) 30-35% and is 
independent of the Pt loading on the carbon in the catalyst, the Pt content in the 
electrode, and the kind of perfluorosulfonic ionomer used. The NFP they used was 
defined as the percentage of the Nafion per total catalyst and Nafion weight. 
Flowever, Sasikumar et al. [82] showed that optimum Nafion content depends on 
Pt loading. It seems that the optimal Nafion content in catalyst ink is related to the 
eventual thickness of the Nafion film in the catalyst layer. 


A) 


B) 


C) 



Membrane Catalyst I -ayer Diffusion Layer 


Figure 22.9. Schematic planar representation of the catalytic layer [81]: (A) at low Nafion 
content, not all the catalyst particles are connected to the membrane by a Nafion bridge; (C) 
when there is too much Nafion not all the catalyst particles are electronically connected to 
the diffusion layer; (B) at the optimal Nafion content all the catalyst particles have good 
connections for ionic and electronic conduction. (Reprinted from Electrochimica Acta, 
46(6), Passalacqua E, Lufrano F, Squadrito G, Patti A, Giorgi L. Nafion content in the 
catalyst layer of polymer electrolyte fuel cells: effects on structure and performance, 799- 
805, ©2001, with permission from Elsevier.) 
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Figure 22.10. Schematic of the catalyst ink preparation process [83], (Reproduced by 
permission of ECS—The Electrochemical Society, from Uchida M, Fukaoka Y, Sugawara 
Y, Ohara El, Ohta A. Improved preparation process of very-low-platinum-loading electrodes 
for polymer electrolyte fuel cells.) 

The catalyst ink mixing process is also vital for determining catalyst layer 
microstructure and cell performance. The mixing procedure may affect ionomer 
distribution and thus catalyst utilization. Uchida et al. [83] showed that the 
dropping process was better than the paste process in decreasing catalyst loading. 
As shown in Figure 22.10, in the dropping process the PFSI colloid was adsorbed 
immediately after formation on the Pt/C catalyst before coagulation took place, so 
the PFSI was finely dispersed on the Pt/C at a reduced thickness. Mass transport of 
gas to the reaction sites was also accelerated through the dropping process. 
Consequently, reaction area was increased, and internal resistance as well as the 
supply of the reaction gas was improved. Wang et al. [84] showed that a NaOH 
pretreatment of the Nafion solution before addition to the catalyst mixture was 
beneficial for achieving uniform distribution of the catalyst and ionomer, resulting 
in higher electrochemical active area (ECA) and better performance for a DMFC. 
It was reported that converting Nafion to a thermoplastic form by ion-exchanging 
the Nafion with tetrabutylammonium ion (TBA + ) endowed the catalyst layer with 
stability and durability, and enhanced the cell performance [85, 86]. It has also 
been reported that the dispersion method can affect the morphology and porosity of 
the catalyst layer and thus the cell performance. Lim et al. [79] demonstrated that 
ball-milling processed catalyst ink showed a higher current density in the kinetic 
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controlled region than ink processed by ultrasonication. This was attributed to the 
larger catalyst agglomerates of the ball-milling processed catalyst ink, which led to 
a lower electronic ohmic drop and a lower ionic ohmic drop. Song et al. [87] 
showed that heat treatment of catalyst ink in an autoclave at 200 °C under 
pressurized conditions enhanced the penetration of the ionomer into the primary 
pores of the catalyst agglomerates, thus increasing catalyst utilization and 
improving cell performance. 

22.2.4 Carbon-supported Catalyst Layer Fabrication 

Originally, carbon-supported catalyst layers were prepared by the PTFE-bound 
method [88]. In these catalyst layers, the carbon-supported catalyst particles 
bounded by a hydrophobic PTFE were cast to the GDL. Then the PTFE-bound 
catalyst layers were impregnated with Nation to provide ionic transport to the 
catalyst sites [89]. However, due to poor ion conductivity, the catalyst utilization in 
these catalyst layers is relatively low. Recently, the PTFE-bound method has been 
replaced by the thin-film method to fabricate carbon-supported catalyst layers. 
Through the thin-fdm method, catalyst utilization is greatly improved and therefore 
catalyst loading is reduced. In this method, the PTFE is replaced by Nafion to form 
a catalyst ink, and the ink is then applied to the GDL or the membrane. Applying 
the ink to the GDL has the advantage of preserving the membrane from chemical 
attacks by the solvents in the catalyst ink. However, it seems that the catalyst layer 
does not come into close contact with the membrane and therefore the electrode is 
prone to delamination [90]. Generally, there are two ways of applying the catalyst 
ink to the membrane, namely the decal transferring process and the direct coating 
process. In the former, the catalyst layer is cast onto a PTFE blank and then 
decaled to the membrane. In the latter, the membrane is coated directly with the 
catalyst layer. Frey et al. [40] suggested that the decal transfer process includes the 
risk of uneven or incomplete catalyst transfer from the PTFE blank to the 
membrane. It has been reported that the direct coating process provides better ionic 
connection between the membrane and the ionomer in the catalyst layer [91]. 

Typically, the catalyst ink is applied to the GDL or the membrane by hand 
painting or spraying. The catalyst layer uniformity is not easily controlled by hand 
painting. In addition, the process is time-consuming and has poor reproducibility. 
Spraying is faster than hand painting and allows a more uniform catalyst 
distribution. It also has the potential for mass production with good reproducibility; 
however, a considerable amount of catalyst is often wasted in the feed lines, which 
could increase the cost of production. Recently, new technology has been 
developed to apply catalyst ink onto the GDL or the membrane, such as doctor- 
blade spreading [92, 93], electrophoretic deposition (EPD) [94], electrospraying 
[95, 96], inkjet printing [97], and rolling [98, 99]. 

Saab et al. [92, 93] developed a doctor-blade spreading technique for preparing 
the catalyst layers in a faster and highly reproducible fashion. The ink was coated 
onto laser jet transparency material with a doctor blade device driven by an X-Y 
chart recorder time base. The chart recorder time base is a highly accurate 
mechanical drive with a broad range of selectable speeds (20-0.05 cm/s), which is 
useful when compensating for liquids of varying viscosity. Machined aluminum 
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slabs are used as the substrate support, and sit on the table of the X-Y chart 
recorder. The coating procedure entails positioning the doctor blade apparatus 
above the hot press transfer substrate (usually fiberglass-reinforced Teflon), 
micropipetting an appropriate amount of material onto the substrate in front of the 
blade, and activating the time base to drive the spreader through the liquid until the 
coat has covered a sufficient area. They showed that with appropriate catalyst ink 
and transfer decal, doctor-blade spreading was not only significantly more precise 
and faster than hand painting, but also produced cells with nearly 25% higher 
current density in the critical voltage operating region. 

Morikawa et al. [94] proposed an electrophoretic deposition (EPD) technique 
for preparing the catalyst layer without further mechanical pressing, which is 
suitable for a very thin or a very rigid membrane. Figure 22.11 shows a schematic 
of the EPD cell. In this technique, the Nafion membrane was set in the middle of 
the cell. The left compartment contained HCIO4 aqueous solution and the right 
contained the catalyst ink. Two Pt electrodes were used as cathode and anode to 
apply a high voltage to the cell. After construction, the EPD cell was immersed in 
an ice bath to maintain the temperature in the course of the EPD process. The 
thickness of the catalyst layer was controlled by EPD duration or catalyst ink 
concentration. Using EPD they successfully prepared a catalyst layer with high Pt 
utilization that consisted of only fine carbon particles, and was smaller and more 
uniform than that prepared by the conventional painting method. 


High Voltage 
Power Supply 





Figure 22.11. Schematic of an EPD cell [94], (Reproduced by permission of ECS—The 
Electrochemical Society, from Morikawa H, Tsuihiji N, Mitsui T, Kanamura K. Preparation 
of membrane electrode assembly for fuel cell by using electrophoretic deposition process.) 
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An electrospraying technique was also developed for preparing the catalyst 
layer [95, 96]. Figure 22.12 shows a schematic of the set-up for electrospray and a 
detail of the electrospray process. The electrospraying technique consists of 
applying a voltage (3300-4000 V) between a capillary tube, in which the ink is 
forced to flow, and the carbon cloth substrate. The effect of the high electric field, 
when the solution emerges, is to generate a mist of highly charged droplets. During 
this process, the droplets are reduced in size by evaporation of the solvent and/or 
by “Coulomb explosion” (droplet subdivision resulting from the high charge 
density). In order to force the catalyst ink to pass through the capillary tube, a 
nitrogen-pressurized tank was used. The catalyst ink was put in an ultrasonic bath 
to keep it in a homogeneous mixture. The carbon support was moved by means of 
an X-Y axes coordinated system, which was controlled by a software application. 
By this technique, the electrospray-prepared catalyst layer showed enhanced cell 
performance compared to that prepared by a conventional technique. 



(b) 



4 





Figure 22.12. (a) Schematic of the set-up for electrospray deposition of Pt/C suspensions, 
(b) detail of the electrospray process in the needle-to-substrate space [96], (Reprinted from 
Journal of Power Sources, 169(1), Chaparro AM, Benitez R, Gubler L, Scherer GG, Daza L. 
Study of membrane electrode assemblies for PEMFC, with cathodes prepared by the 
electrospray method, 77-84, ©2007, with pennission from Elsevier.) 






1026 W. Xing 


Recently, Taylor et al. [97] presented an inkjet printing technique to deposit 
catalyst ink onto GDLs. With a fixed nozzle volume, each printing delivers precise 
picolitre control of deposition, which is useful for creating an MEA with ultra-low 
(< 0.05 mg Pt cnf 2 ) loadings. According to their description, a commercially 
available thermal inkjet printer was used. The specifications report a maximum 
resolution of 1200 dpi><1200 dpi and a drop size of 28 pi. Standard black ink 
cartridges were used to print the catalyst inks. After emptying, the cartridges were 
cleaned in a sonication bath for 30 min. The catalyst inks were then placed inside 
the ink well and the cartridge was loaded into the printer. Carbon cloth was cut into 
squares and the squares were attached to standard white paper using double-sided 
tape. A black square of catalyst ink was printed onto the GDL using the “best print 
quality” feature in the printer settings to achieve the printer’s best resolution. The 
paper containing the GDL was then reloaded into the paper tray and the printing 
was repeated until the desired loading was achieved. By inkjet printing, they 
prepared catalyst layers with ultra-low Pt loading, which is not easily attained 
using conventional methods, giving some of the highest Pt utilization reported in 
the literature. 

Besides the techniques described above, which use wet catalyst ink, a dry 
production technique based on rolling was also developed [98, 99]. In the latter 
form [99] of this technique, a carbon-supported catalyst with the desired amount of 
binder powder is mixed in a mill, and the mixed powder is then atomized and 
sprayed in a nitrogen stream through a slit nozzle directly onto a membrane, 
resulting in a uniformly distributed layer. The reactive layer is then fixed and 
thoroughly connected to the membrane by passing both through a calender. Figure 
22.13 shows a schematic of the dry production technique. The technique is simple 
and has a high degree of automation. Also, during all production steps no solvents 
are used, which avoids diying steps. In addition, the catalyst loading can be 
controlled to a low level. Therefore, this technique can be scaled up and has the 
potential to meet industrial requirements. 


gasdiffusion layer 



Figure 22.13. Schematic of the dry production technique for PEMFC MEAs [99]. 
(Reprinted from Journal of Power Sources, 86(1-2), Gulzow E, Schulze M, Wagner N, Kaz 
T, Reissner R, Steinhilber G, et al. Diy layer preparation and characterisation of polymer 
electrolyte fuel cell components, 352-62, ©2000, with pennission from Elsevier.) 
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To maximize the triple-phase reaction zone and increase catalyst utilization, the 
microstructure of the carbon-supported catalyst layer should be optimized. This 
can be done by carefully selecting the solvent, appropriately controlling the Nafion 
content, and employing the proper fabrication process as described above. Besides 
that, the Pt/C ratio in the catalyst and the carbon support should also be carefully 
selected. Under a definite loading, if the Pt/C ratio is too low the thickness of the 
catalyst layer increases, resulting in high mass transport hindrance, whereas if the 
Pt/C ratio is too high the catalyst particle size increases, resulting in low catalyst 
activity [52, 100]. The carbon support also plays a significant role in determining 
the catalyst layer pore structure. Generally, there are two distinctive pore size 
distributions in the catalyst layer, namely the primary and secondary pores [80, 
101, 102]. The primary pore is the space in and between the primary particles in 
the carbon agglomerates, and the secondary pore is the space between the carbon 
agglomerates. Considering that the Pt catalyst locates in the primary pores, it is 
necessary to increase the primary pore size for more Nafion to penetrate into the 
primary pore and enhance the gas transport. Uchida et al. [103] showed that 
improved PEMFC performance was achieved by an optimal carbon support with a 
large pore volume able to distribute the Nafion over the Pt inside the agglomerate. 
Bang et al. [104] showed that including a carbon microsphere in the catalyst layer 
facilitated mass transport and thus improved cell performance. 

22.2.5 Pt Catalyst Layer Fabrication 

In a carbon-supported catalyst layer, Pt nanoparticles are supported on high-surface 
carbon black and uniformly mixed with ionomers to maximum the reaction sites, 
thus improving the Pt utilization and lowering the Pt loading. However, owing to 
the agglomeration of Pt/C powders, not all Pt particles come into contact with the 
ionomer so there are still some Pt particles not being utilized effectively, leading to 
a low mass activity. Also, owing to the low density of carbon, the carbon support 
may lead to a thick catalyst layer, which decreases mass transport and increases 
ohmic resistance. In addition, under a definite catalyst loading, attempts to increase 
the Pt ratio in a carbon-supported catalyst would lead to larger particle size, which 
decreases catalyst activity. Therefore, a Pt catalyst layer strategy has also been 
developed to lower Pt loading, focusing on localizing Pt where the electrocatalytic 
reaction takes place. 

The Pt catalyst layer is generally fabricated by electrodeposition and sputtering. 
Electrodeposition can selectively deposit platinum onto the active reaction regions 
where protons and electrons are accessible, because only in those regions are there 
electron transport channels and metal ion transport channels resulting from the 
hydrophilicity of Nafion particles [105]. Taylor et al. [106, 107] first reported this 
method to improve the utilization of Pt catalyst. According to their description, a 
Nafion solution was impregnated into the uncatalyzed carbon electrode and 
platinum was electrodeposited from a commercial plating bath. Platinum ions 
diffused through a thin layer of Nafion formed on the surface of the uncatalyzed 
carbon electrode and were electrodeposited only in regions with ionic and 
electronic conductivity. Antonine et al. [108] first impregnated carbon with 
H 2 PtCl 6 and then applied electrochemical pulses to deposit Pt in a Nafion active 
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layer. The method allows a smaller active layer thickness and high Pt mass ratio 
(40%) with a narrow size distribution in the range of 2-4 nm. However, in terms of 
Pt concentration distribution it has a profile like that of a carbon-supported catalyst 
layer, and CP ions produced from the electrodeposition of Pt from H 2 PtCl 6 remain 
in the active layer, which poisons the Pt and reduces its catalytic activity, 
according to Kim et al. [109, 110]. Therefore, they directly electrodeposited Pt on 
the surface of the carbon blank electrode. Using a pulse electrodeposition 
technique, it is possible simultaneously to create Pt particles smaller than 5 nm and 
to increase the Pt ratio up to 75 wt% near the surface of the electrode, resulting in a 
5 pm-thick catalyst layer with most of the Pt in close contact with the membrane. 
Their results indicated that pulse electrodeposition may be an attractive technique 
to achieve industry goals of reducing catalyst cost and increasing efficiency in 
PEMFCs. 



Figure 22.14. Schematic of sputtering in argon plasma for fabricating PEMFC electrodes 
[88], (Reproduced from Journal of Power Sources, 130(1-2), Litster S, McLean G. PEM 
fuel cell electrodes, 61-76, ©2004, with permission from Elsevier.) 

Sputtering is another fabrication method widely used for its potential to provide 
lower catalyst loading as well as thinner layers. The sputtering of catalyst layers 
consists of a vacuum evaporation process that removes portions of a coating 
material (the target) and deposits a thin and resilient film of the target material onto 
an adjacent substrate, which can be either the GDL or the membrane [88]. Figure 
22.14 shows a schematic of the sputtering process. To attain good performance, the 
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sputtering process should fulfill the following requirements [111, 112]. First, it 
should maximize the available amount of triple-phase zone and readily drain the 
product water, making it mandatory that the catalyst layer be very thin and placed 
close to the hydrophobic diffusion layer. Second, the catalyst layer should adhere 
strongly to the membrane in order to reduce ohmic losses and support the high 
mechanical stress produced during operation. In addition, it should provide Pt 
particles of a size smaller than 10 nm, the average size of the carbon-supported 
catalyst particles, to further reduce loading. Cha et al. [Ill] obtained ultra-high 
utilization of Pt catalyst by alternating layers of sputtered Pt (5 nm thick) and a 
painted mixed electron- and proton-conducting layer of carbon black particles in an 
ink of the Nafion ionomer. Repeating successive application of these layers up to 
five times improved Pt utilization and enhanced cell performance. O’Hayre et al. 
[112] directly sputtered Pt on the surface of a Nafion membrane and showed that 
the performance of the sputtered Pt fuel cells depends strongly on the thickness of 
the sputtered catalyst layer. When the layer is very thin, there are only islands of 
Pt. Once a nominal thickness of 4 nm is reached, the islands coalesce into a single 
film. At this thickness, a fine crack structure can be found in the film, which 
provides gas access to the reaction sites closest to the membrane and increases 
catalyst utilization. When the thickness is increased further, the crack structure 
becomes coarser and gas transport to the reaction sites is thus limited. Therefore, 
films only 5-10 nm thick yield the best fuel cell performance. 

22.2.6 MEA Fabrication and Optimization 

The MEA consists of a proton exchange membrane, two catalyst layers, and two 
GDLs. Typically, there are two types of MEA configuration. A and B. The type A 
MEA is made by applying the catalyst layer to the GDL first, then hot pressing the 
two catalyst coated substrates (CCSs) onto a pretreated membrane. For the type B 
MEA, the catalyst layer is applied to the pretreated membrane first, and the catalyst 
coated membrane (CCM) is then combined with two GDLs by hot pressing. Figure 
22.15 shows the two types of configuration. The type B configuration seems to be 
preferable, as it provides intimate contact between the membrane and the catalyst 
layer, so better ion conductivity and higher catalyst utilization is expected [67]. 

Before being used in the MEA, the Nafion membrane is usually cleaned and 
pretreated as follows. After fully swelling in deionized water, the Nafion 
membrane is boiled in 5% H 2 O 2 for 1 h to remove organic impurities, then it is 
cleaned in boiling deionized water for 1 h. After that, the Nafion membrane is 
boiled again in 0.5 M H 2 SO 4 for 1 h to remove the metal compound and convert 
the membrane into H 1 form; this is followed by cleaning in the boiling deionized 
water for another 1 h. Then the membrane is stored in deionized water at room 
temperature prior to use. In some cases, the membrane is boiled in NaOH aqueous 
solution instead of H 2 S0 4 solution to convert the membrane into Na + form, cleaned 
in the boiling deionized water for 1 h, then fixed with a frame and dried in a 
vacuum oven at 80 °C. After the catalyst ink is applied to the membrane, the whole 
MEA is reprotonated by immersion in lightly boiling H 2 SO 4 solution [90, 91, 113]. 
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Figure 22.15. Configuration of catalyst/diffusion substrate and membrane for types A and B 
MEAs [67]. (Reprinted from Journal of Power Sources, 129(2), Lindermeir A, Rosenthal G, 
Kunz U, Hoffmann U. On the question of MEA preparation for DMFCs, 180-7, ©2004, 
with permission from Elsevier.) 

Generally speaking, the thicker the membrane the less significant is the H 2 
crossover. However, using a thick membrane carries the risk of increasing the 
membrane resistance. Due to the low solubility and diffiisivity of H 2 in the 
ionomer, the H 2 crossover in a PEMFC is not as significant as the methanol 
crossover in a DMFC. Therefore, rising the thinner membrane in a PEMFC is 
preferable [114]. For H 2 crossover measurement, H 2 was fed to the anode 
compartment while N 2 was fed to the cathode compartment. The cathode 
compartment was used as the working electrode; the anode compartment was used 
as the counter electrode as well as the dynamic hydrogen reference electrode. By 
applying a dynamic potential from 0.05 to 0.6 V at a scan rate of 2 mV s , the 
limiting H 2 oxidation current was used as an indication of the H 2 crossover [114, 
115]. 

To provide better contact between the catalyst layer and the membrane, the 
MEA components are usually hot pressed together. The temperature for hot 
pressing is usually about 130 °C, slightly above the glass transition temperature of 
Nation, with the pressure ranging from 2 to 350 kg cnf 2 and the hot pressing time 
ranging from 30 to 300 s. The structure, porosity, and performance of the MEA can 
be influenced by hot pressing, especially for DMFCs. Kuver et al. [116] reported 
that carbon cloth can be mechanically damaged by pressures exceeding 100 kg 
cm" 2 . Zawodzinshi et al. [117] found that hot pressing can cause Nafion 
dehydration, which leads to irreversible performance loss in the MEA. Song et al. 
[118] showed that the pressing pressure is the main parameter influencing cell 
performance. The performance of the MEA that was hot pressed at 155 kg cm" 2 
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was much worse than that of the MEAs not hot pressed or pressed at a lower 
pressure of 43 kg cnf 2 . Chen et al. [119] also showed that the MEA hot pressed at 
a low pressure showed better performance, which is attributed to the higher 
porosity of the cathode electrode. Zhang et al. [120] investigated in detail the effect 
of hot pressing conditions on the performances of MEAs. They showed that the 
cell resistance of MEAs that were hot pressed at higher temperature (135 °C) and 
pressure (120 kg cnf 2 ) and for a longer time (90 s) decreased because of the good 
contact between membrane and electrodes. But too high pressure increased the cell 
resistance of the MEA due to the difficulty of electron transport across the broken 
carbon paper. The porosity of the electrode decreased after hot pressing, which 
restricted mass transport, but its thickness also decreased, which shortened mass 
transport. Also, by increasing the hot pressing temperature, pressure, and time, the 
activating time required for the MEA to reach optimum performance was 
increased. 

To further increase Pt utilization and improve performance, several treatments 
can be applied to the MEA after it is made. Qi et al. [121] showed that treatment of 
the MEA with steam or boiling water for a short time dramatically increased 
performance. According to them, steaming or boiling the MEA may fully hydrate 
the Nafion and open some “dead” regions that were blocked by the Nafion. Also, 
He et al. [122] described a H 2 evolution method to activate the MEA. After running 
the cell in H 2 /air flow for about 3 h, H 2 evolution was carried out on the cathode 
using the following procedure. First, the cathode was purged with N 2 , the cathode 
inlet was turned off, and the outlet was kept open. After that, a current of 200 
mA/cm 2 was applied to the cell for 20 min using a power supply with the positive 
and negative terminals connected to the cell anode and cathode, respectively. By 
this method, it was found that the oxygen reduction overpotential was reduced. He 
et al. suggested that the better performance is caused by a change in the MEA’s 
porosity and tortuosity, which increases the number of reactant-catalyst-electrolyte 
sites. 


22.3 MEA Performance Verification with its Catalyst Layer 
Fabrication Optimization Process 

22.3.1 MEA Performance Characterization 

MEA performance is generally characterized by measuring the polarization curve 
and the electrochemical impedance spectroscopy. For these measurements, the 
MEA is sandwiched between two bipolar plates. An electrical heater and 
thermocouple are embedded in the plates to maintain the desired operating 
temperature. Insulation rubber gaskets are used to prevent the cell from leaking. 
Hydrogen and oxygen or air reactant are fed to the anode and cathode 
compartments, respectively, with or without prehumidifying. Usually, the cell is 
conditioned by operating at low loading to activate the MEA. After that, the 
polarization curve is recorded galvanostatically by stepping the current from zero 
to the maximum test current density. The voltage at each current density is allowed 
to stabilize before measurement. The polarization curve is effective and intuitional 
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to characterize the performance. However, separation of the electrochemical and 
ohmic contributions to polarization requires additional experimental techniques. 
This can be done by measuring the electrochemical impedance spectroscopy. 
Generally, electrochemical impedance spectroscopy is conducted in a galvanostatic 
or potentiostatic model in the frequency range of 100 kHz to 0.01 Hz. The 
amplitude of the AC voltage is 5-10 mV. Wagner [123] showed that by varying 
the operating conditions, such as cell potential or current density and gas supply, 
the cell impedance can be split into electrode impedances and electrolyte 
resistance. Furthermore, the electrode impedances can be separated into different 
impedances representing different reaction steps. Integration over the current 
densities of the individual impedance elements enables calculation of the 
individual polarization curves and voltage losses in the fuel cell, and determination 
of the rate determining reaction steps, depending on current density and 
humidification. 

22.3.2 MEA Water Management Characterization 

Good water management in the MEA is critical to achieve high performance. If 
there is not enough water, the membrane dries out and its resistance increases 
dramatically, while if too much water is generated and not immediately removed, 
MEA flooding occurs and transport of reactants is hindered. Both membrane 
drying and MEA flooding result in performance loss. To better understand water 
management and further provide guidance for MEA design, it is of significant 
importance to measure the water distribution in situ. A transparent fuel cell has 
been widely used for in situ water measurement [124, 125]. In this method, 
replacement of the bipolar plate by a transparent material and electrically 
conductive flow-field plate to create a window allows the direct observation of 
water droplets moving in the flow-field channel and emerging from the MEA. For 
more in situ water measurement methods, we refer the reader to a recent review 
given by Jean St-Pierre [126]. 

22.3.3 MEA CO and Other Contamination Tolerance 

It is known that some contaminants in either fuel or air streams can severely poison 
the anode, membrane, and cathode, resulting in dramatic performance drops [127]. 
The most extensively investigated contaminant is CO. The CO tolerance property 
of the MEA can be improved by carefully selecting the catalyst and designing the 
MEA structure. The selection of catalysts has been described above. The 
modification of MEA structure to enhance CO tolerance is also under 
development. Huag et al. [128] showed that by placing a layer of carbon-supported 
Ru as a filter between the Pt catalyst and the GDL, the CO tolerance was enhanced 
as compared with the tolerance of a PtRu catalyst layer. Yu et al. [129] also 
proposed a composite anode MEA for a CO-tolerant PEMFC. The composite 
anode contained a CO-active PtRu catalyst layer and a traditional Pt catalyst layer. 
The modified MEA showed excellent cell performance and CO tolerance with 
reduced noble metal loading. 
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22.3.4 MEA Lifetime Enhancement via MEA Fabrication Process 
Improvement 

The MEAs fabricated by the hot pressing method are usually inclined to 
delamination at both anode and cathode interfaces after long-term operation, 
leading to degradation in cell performance and reduction of cell lifetime, especially 
in DMFCs [130-131]. Therefore, it is necessary to improve the interfacial contact 
in the MEA. Wang et al. [132] introduced a Nafion layer between the membrane 
and the catalyst layer to improve the interfacial contact in the MEA. The ruinous 
test by soaking the MEA in 1:1 (v/v) ethanol solution showed that the MEA 
prepared by this process indeed enhanced durability. Liang et al. [131] developed a 
glue method for fabricating MEAs. Instead of hot pressing, they introduced a 
Nafion solution as a binding agent between a membrane and a catalyst layer. The 
MEA fabricated by the glue method showed a significant improvement in 
operational stability compared with the conventional hot pressed MEA. 
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23.1 Introduction 

Faced with rapidly rising air pollution-related health risks, sky-rocketing oil prices, 
and diminishing natural resources, scientists and engineers are now seeking clean 
and efficient alternatives to petroleum as energy sources. The hydrogen fuel cell, 
using hydrogen and oxygen from air as fuel, could achieve efficiencies of electric 
power generation in the 50-65% range. As a “clean” electric power source, fuel 
cells can be used to power vehicles, back-up the power supply for electric devices, 
and store electricity in power stations by converting water into hydrogen and 
oxygen during off-peak hours. The only by-products are water and heat. The 
proton exchange membrane fuel cell (also called polymer electrolyte membrane 
fuel cell, PEMFC) is a highly promising power source candidate for zero emission 
vehicles, stationary applications, backup power units, materials handling, and small 
electronics. Fuel cells are currently the only technology that can effectively provide 
pollution-free energy for both transportation and electric utilities. The use of fuel 
cell vehicles (FCVs) will partially reduce the global dependency on petroleum as a 
fuel. 

In the past several decades, a variety of fuel cells have been developed. These 
can be classified by the type of electrolyte used in the cells, and include: 1) 
polymer electrolyte membrane fuel cell, 2) alkaline fuel cell (AFC), 3) phosphoric 
acid fuel cell (PAFC), 4) molten carbonate fuel cell (MCFC), and 5) solid oxide 
fuel cell (SOFC). Hydrogen has many merits as a fuel for fuel cells in most 
applications. It is highly reactivity when suitable catalysts are used. It can be 
produced from hydrocarbons, obtained as a by-product of chemical plans, or 
generated by water electrolysis using solar or nuclear power. It also has high 
energy density. Therefore, hydrogen has been chosen as a PEMFC fuel for many 
applications. The most common and economical oxidant is gaseous oxygen, which 
is readily available from air. A typical single PEMFC consists of an anode, a 
cathode, a proton conductive membrane, and two bipolar plates (Figure 23.1). 
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Cathode bipolar plate 


Figure 23.1. Schematic diagram of PEMFC structure 


In a PEMFC, hydrogen is fed continuously to the anode (negative electrode) 
and oxygen or air is fed continuously to the cathode (positive electrode) through a 
flow field on the bipolar plates. At the anode, hydrogen is oxidized and a proton is 
transferred to the cathode through the proton conductive membrane. Meanwhile, 
electrons are produced and flow through an external circuit to the cathode. Oxygen 
(often obtained from air) is electro-catalyzed on the cathode catalyst surface and 
reduced to oxygen anions after receive four electrons per molecule, called the 
oxygen reduction reaction (ORR). The electrochemical reactions take place at the 
cathode to produce water. The functions of the proton conductive membrane are to 
provide a proton pathway, to separate the hydrogen and oxygen gases, and to 
electrically isolate the anode and cathode. Both anode and cathode in a PEMFC 
have gas distribution layers (GDLs) that are usually made of carbon fiber and/or 
sub-micron carbon particles with a bonding agent. The GDL functions as a gas 
distribution medium to allow gas flow from the gas channels in a bipolar plate to 
the catalyst layer. The GDL also conducts electrons from the anode catalyst layer 
to the cathode catalyst layer for electrochemical reaction. 

The functions of porous electrodes in fuel cells are: 1) to provide a surface site 
for gas ionization or de-ionization reactions, 2) to provide a pathway for gases and 
ions to reach the catalyst surface, 3) to conduct water away from the interface once 
these are formed, and 4) to allow current flow. A membrane electrode assembly 
(MEA) forms the core of a fuel cell and the key electrochemical reactions take 
place in the MEA. MEA performance is severely affected by electrode 
composition, structure, and geometry, and especially by cathode structure and 
composition, due to poor oxygen reduction kinetics and transport limitations of the 
reactants in the cathode catalyst layer. 

Catalytic layers in the anode and cathode are also critical components in a 
PEMFC. Platinum (Pt) or a Pt-Ru alloy supported by nano-carbon particles is often 
used as the catalyst in the anode [1-6]. Favorable electronic properties have been 
suggested by density-functional theory studies, which have shown that the CO 
adsorption energy is the lowest on the Pt monolayer located above Ru compared 
with the adsorption energies on pure Pt, pure Ru, and a Pt-Ru mixed surface layer 
over Pt [7, 8]. The bifunctional mechanism [4] suggests that Ru provides an active 
surface for oxidative removal of adsorbed CO at the neighboring Pt sites. Thus, a 
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Pt-Ru alloy catalyst with high CO tolerance is used in the anode, especially when a 
reformate H 2 -rich gas (in which CO content is high) is used for fuel. 

An ideal cathode should have: 1) a large interface between gas phases and/or 
polymer electrode and catalyst, 2) highly efficient proton transport, 3) high 
transportation capacity for oxygen and easy by-product removal (i.e., condensed or 
gaseous water), 4) high electronic conductivity, 5) excellent chemical resistance 
and good mechanical properties to maintain an effective porous structure during 
fuel cell operation, and 6) high tolerance to contamination. Pt nano-particles 
supported on carbon particle surfaces are commonly used in cathode catalyst layers 
[9-11], Using platinum supported on high-surface-area carbon (e.g., Vulcan 
XC72R) as the electrocatalyst rather than pure Pt black yields a ten-fold reduction 
in platinum loading. To conduct protons to reactive spots, a proton conducting 
polymer (e.g., Nafion) is impregnated into the catalyst layer [12]. This 
breakthrough technology creates a Pt catalyst with a particle size as low as ~3 nm 
and a very high active surface area, as well as proton transport networks . The 
structured cathode creates a three-dimensional network that makes mass transport 
and electrochemical reactions at the heterogeneous interface more efficient [13]. 
Recently, platinum binaiy or ternary alloys such as Pt-Co, Pt-Cr, or Pt-Co-Cu are 
being tested in PEMFCs to decrease the precious metal content in the catalyst layer 
and increase the ORR efficiency. 

Reliability and durability are the most important considerations in PEMFCs. 
The durability of fuel cell systems operating under automotive conditions has not 
been clearly established. Fuel cell power systems need to be as durable and reliable 
as current automotive engines, i.e., 5,000-hour lifespan (150,000 miles equivalent) 
and be able to function over the full range of external environmental conditions (— 
40 °C to +40 °C). Analysis of various standardized US vehicle drive cycles reveals 
that a vehicle experiences roughly 300,000 load (voltage) cycles between peak 
power (0.7 V) and idle (0.9 V) through its life of 5,500 h. The long-term vehicle 
performance degradation target of < 3 pV/h over 5,500 h requires an absolute 
voltage loss of < 17 mV over the projected 300,000 large voltage cycles (0.7<->0.9 
V) [14]. The durability of catalysts has become a major concern in fuel cell 
development. Under fuel cell operating conditions, the cathode catalyst layer can 
degrade through platinum sintering and dissolution, especially in conditions of 
load-cycling and high electrode potentials. Carbon support corrosion is another 
challenge at high electrode potentials and can worsen under load cycling and high- 
temperature operation. Stationary power requires that PEMFC systems operate on 
natural gas or LPG that achieves 40% electrical efficiency and 40,000 hours of 
durability at low cost. CO tolerance, long-term stability of the anode catalyst layer, 
and low loading of noble metals for cost reduction are also some of the challenges 
that need to be overcome for stationary power applications. Although significant 
attention has been focused upon fundamentally understanding catalyst degradation 
and the development of novel catalysts and structures, we are not yet close to 
making durable electrodes at low cost for the commercializing of fuel cells. In this 
chapter, we will focus on degradation of anode and cathode catalysts, and 
diagnostic methods for electrode failure after fuel cell operations. Failure 
mechanisms will also be discussed. 
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23.2 Diagnosis of Catalyst Layer Degradation: Fuel Cell Failure 
Analysis 

Learning from failures is essential to develop new products and improve product 
quality. A learning cycle of fuel cell product development learning cycle is shown 
Figure 23.2. Failure analysis for fuel cells is relatively young compared with 
existing failure analysis in mature industries such as the semiconductor 
manufacturing. Despite a significant effort in recent years to determine failures and 
understand failure mechanisms [9, 15-19], failure modes for PEMFCs are not well 
documented and the causes and mechanisms of degradation are not fully 
understood. Development of diagnostic tools and characteristic methods for fuel 
cells, especially for porous electrodes, is an active area of research for scientists 
and engineers. 



Figure 23.2. Learning from failures - a fuel cell product development cycle 









Catalyst Layer Degradation, Diagnosis and Failure Mitigation 1045 


23.2.1 Diagnostic Tools to Identify Catalyst Degradation During Fuel Cell 
Operation: Electrochemical Methods 

A fuel cell is a typical electrochemical device. Thus, the electrochemical analysis 
methods developed for other electrochemical devices can be directly used or 
modified for diagnosis of fuel cell degradation, including catalyst layer 
degradation. Cyclic voltammetry and polarization curve analysis are very 
frequently used in failure analysis and degradation diagnosis. 

23.2.1.1 Cyclic Voltammetry for Fuel Cell Electrode Analysis 

Cyclic voltammetry (CV) is perhaps the most versatile electroanalytical technique 
for the study of electroactive species. CV is usually used to characterize 
electrochemical reactions and electrode surface absoiption, and has become 
increasingly popular in all fields of chemistry as a means of studying redox 
reaction rates in a wide potential range. CV is also a typical method for the study 
of reaction mechanisms, as its mathematical description has been developed 
sufficiently to enable kinetic parameters to be determined. 

One of applications of CV is to measure catalyst surface area and determine 
catalyst utilization [10, 15, 20-22]. The Pt surface area is measured either from the 
cyclic voltammogram of a gas diffusion electrode (GDE) in 1 mol/dm' sulfuric 
acid or from a MEA in a single cell stack. The potential is cycled, typically at 20 or 
30 mV/s, between 0 and +1.2 V (vs. RHE) until a stable voltammogram is 
obtained. The hydrogen adsoiption charge is measured (Equation 23.1) from the 
voltammogram. The intrinsic Pt catalyst surface area, A Pt , or the electrochemical 
area (ECA) can be determined using a rotating disk electrode (RDE) configuration 
by integrating the hydrogen adsorption/desorption area of the voltammogram. The 
number of Pt surface atoms is estimated from the Coulombic charge for hydrogen 
adsorption/desorption, Q H , assuming 210 pC/cm 2 Pt after double layer correction 
[22]. The ECA can be calculated using Equation 23.2: 

Pt + H + + e = Pt-H (23.1) 

ECA (cm 2 Pt /g Pt ) = Q h (pC/cm 2 )/[210 (pC/cm 2 Pt )xL Pt (g Pt /cm 2 )] (23.2) 

where L Pt represents Pt loading in the electrode. By dispersing catalyst powder 
onto a glassy carbon RDE, the Pt surface area obtained from ECA measurement is 
close to that measured from high-resolution transmission electron spectroscopy 
(HRTEM) [15]. However, Pt particles in the MEA are always partially covered 
with polymer electrolyte or disconnected from the carbon support by being 
completely trapped in the polymer electrolyte during MEA processing. Not all of 
the Pt surfaces are available for the reaction. The electrode platinum surface area 
(EPSA), on the other hand, is a measure of the platinum surface area potentially 
available for reaction in the GDE. The Pt surface area measured from the cyclic 
voltammogram of a MEA in a single fuel cell stack or a GDE in an ex situ CV test 
is smaller than the ECA. Pt utilization can be defined as: 
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Pt utilization (%) = EPSA(cm 2 Pt /cm 2 )/[ECA (cm 2 P ,/g Pt ) x L Pt (g Pt /cnT)] 
x 100% (23.3) 

An ex situ cyclic voltammetry procedure was developed to measure the EPSA 
of electrodes, which employed the test setup used to measure the catalyst ECAs 
[20]. A method similar to using the Coulombic charge for hydrogen 
adsorption/desorption to estimate Pt surface area is another simple and frequently 
used method called a CO-stripping voltammogram. CO oxidation in the presence 
of Pt as the electrocatalyst occurs in the range of 0.7 V to 0.87 V, depending on the 
Pt crystalline surfaces. The CO stripping potential is 0.87 V on Pt(lll), 0.79 V on 
Pt(100), and 0.70 V on Pt(110) [15]. The electrocatalysis reactions of CO on a Pt 
surface are assumed to be a two-electron process: 

Pt — CO +H 2 0 U Pt + C0 2 + 2H+ + 2e- (23.4) 

[Pt] 2 — CO + H 2 0 ±7 2Pt + C0 2 + 2H+ + 2e- (23.5) 

The ECA can be calculated from the Coulombic charge of CO stripping using 
Equation 23.6. Readers are referred to [20] and [15] for more details about the 
experimental setup. 

ECA (cm 2 Pt /g Pt ) = Qco (pC/cm 2 )/[420 (pC/cm 2 Pt )xL Pt (g Pt /cm 2 )] (23.6) 

CV is frequently used to determine EPSA changes during fuel cell operation, in 
order to monitor catalyst surface area decrease due to Pt particle agglomeration or 
to Pt dissolution or migration into the membrane, and to analyze electrode 
contamination and anode degradation. These uses of CV will be discussed in later 
sections. 


23.2.1.2 Polarization Curve and Fuel Cell Performance 

A polarization curve, i.e., an I-V curve of a fuel cell stack under certain operating 
conditions, is frequently used to describe fuel cell performance and determine 
performance decay with time. Polarization curve analysis can provide the most 
important kinetic parameters, such as the Tafel slope, exchange current density, 
cell resistance, limiting current density, and specific activity of Pt. A single fuel 
cell potential can be described by: 


E c E Pact Pohm H 


mass 


where E° is the thermodynamic open circuit potential, i] iict is the active 
overpotential arising from the kinetics of charge transfer reactions, q 0 h m is the 
ohmic overpotential arising from component resistances, and q mass is the mass 
transfer overpotential arising from the limited rate of mass transfer. The TV curve, 
as shown in the Figure 23.3 [10], is divided into three regimes in which one of the 
overpotentials is dominant. 
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Figure 23.3. (a) Circular symbols: 50 cm 2 single-cell FL/air performance at T ce n = 80 °C (80 
°C dew point, i.e., 100% RH) at a total pressure of 150 kPa a t, s and stoichiometric flow of s = 
2.0/2.0 (controlled stoichiometric flow for i > 0.2 A/cm 2 ; 0.2 A/cm 2 flow at i < 0.2 A/cm 2 ); 
catalyst coated membrane (CCM) based on a ~25 pm low-EW membrane (~900 EW) coated 
with electrodes consisting of ca. 50 wt% Pt/carbon (0.4/0.4 mgPt/cm 2 (anode/cathode)) and 
a low-EW ionomer (~900 EW; ionomer/carbon ratio = 0.8/1). (b) Square symbols: E ce n vs. i 
for the mass-transport-free and olimically corrected (i.e., /R-free) E ce n//-curve shown in (a). 
In situ measurements of high-frequency resistance vs. current density were obtained at 1 
kHz (ranging from 45 to 55 mV cm 2 ) and used for the ohmic correction, (c) Triangular 
symbols: addition of the ohmic losses, AE 0 i, m j c , to the polarization curve shown in (b). (d) 
Diamond symbols: E ceU //-curve shown in (a) corrected for 50% of the mass transport losses 
[10]. (Reprinted from Applied Catalysis B, 56(1-2), Gasteiger HA, Kocha SS, Sompalli B, 
Wagner FT, Activity benchmarks and requirements for Pt, Pt-alloy, and non-Pt oxygen 
reduction catalysts for PEMFCs, 9-35, ©2005, with permission from Elsevier.) 

The thermodynamic open circuit potential is usually expressed by Equation 
23.7: 



Rorr 


11 * 


,„_ -A G(T) | RT ln pH 2 ■ p0 2 °' 5 
2 F 2 F pH 2 0 


(23.7) 


When a load is applied to the fuel cell and the current flows through the circuit, the 
active overpotential from the kinetics of charge transfer reactions, the ohmic 
overpotential from component resistances, and the mass transfer oveipotential from 
the limited rate of mass transfer will rise. The Butler-Volmer Equation (Equation 
23.8) describes a relation between the overpotential and the current density on an 
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electrode surface; the Tafel expression is more often used in the analysis of the I-V 
plot: 


E c = C 0 - b\ogi- /'R (23.8) 

where / is the current density, which is equal to current per unit area, i n is the 
exchange current density, b is the Tafel slope, and R is the cell resistance. By 
fitting experiment data to the Tafel equation, the various voltage loss terms can be 
quantified [10, 23]. The ohmic voltage loss, r| ohm = zR, can be measured directly via 
either current-interrupt or high-frequency resistance measurements. An /R-free cell 
potential can be expressed as follows: 

Ec(iR-free) = E° ~T\ act - q ma ss = E° + b log / (23.9) 

Compared with oxygen reduction overpotential, both kinetic and mass-transport 
losses of the hydrogen electrode can be neglected. Therefore, the /R-free cell 
voltage, E c(iR .f ree ), of a fuel cell operating on H 2 /0 2 at low current densities (0.1 
A/cm 2 ) is controlled by voltage loss due to the 0 2 reduction kinetics, i.e., by the r| act 
term in Equation 23.6. The cathode overpotential term, q act for Pt catalysts at low 
current density (< 0.1 A/cm 2 ) follows the Tafel equation: 

hact= a+ b log/ (23.10) 

A conceptual polarization curve that would be obtained in the absence of mass 
transport and ohmic resistances can be constructed by extrapolating the /R-free cell 
voltage obtained at low current densities (< 0.1 A/cm 2 ) by means of Equation 
23.10, indicated by the square symbols in Figure 23.3 [10]. In the Tafel equation, 
the Tafel slope b is 


anF 


(23.11) 


where a is the transfer coefficient, n is the number of electrons, and F is the 
Faraday constant. 

The performance of a PEMFC can be expressed through the analytical 
formulation of the polarization curve. Simultaneous estimation of the parameters 
through analysis of the polarization curve can be helpful in diagnosis of PEMFC 
degradation and identification of degradation mechanism. Some models and testing 
methods have been developed to characterize PEMFC performance through 
polarization curve analysis [25, 26]. 

23.2.1.3 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) has been used to characterize the 
ionic conductivity of conducting polymers in the electrode, separating this ionic 
resistance from the membrane and ohmic contact resistances at the interfaces [24- 
31]. Such measurements are helpful in quantifying degradation of the ionomer in 
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the electrodes with time, and understanding the effect of operating conditions on 
MEA performance. EIS has been used in PEMFC-related research to study ORR 
kinetics [27] and to characterize transport losses [28-31], There are two different 
ways to describe the physics and electrochemistiy of a fuel cell: i) using a system 
of differential equations, or if) using a finite transmission line of resistors and 
capacitors [24, 29], as shown in Figure 23.4. The transmission line model can be 
thought of as a finite difference approximating to the corresponding differential 
equations [24]. The corresponding EIS for porous electrodes in a fuel cell is often 
modeled by a finite transmission-line equivalent circuit [24, 29]. The circuit for the 
catalyst layer (Figure 23.4) contains two parallel resistive rails, one representing 
electron transport through the conducting carbon support and the other ion 
transport through the interparticle regions. These two rails are connected by 
capacitors representing the electrolyte-catalyst (C+Pt) differential capacitance, 
which is assumed to be uniformly distributed through the catalyst layer [29]. 


CFP Catalyst layer Membrane 
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Figure 23.4. Finite transmission-line equivalent circuit describing the impedance behavior 
of a PEMFC electrode [29]. (Reproduced by permission of ECS—The Electrochemical 
Society, from Lefebvre M, Martin RB, Pickup PG. Characterization of ionic conductivity 
profiles within proton exchange membrane fuel cell gas diffusion electrodes by impedance 
spectroscopy.) 

Two experimental methods to characterize the catalyst layer are described in 
the literature [24]: the “FE/CL method” in which pure hydrogen and oxygen and 
nonzero DC current are used, and the “FE/N? method” in which pure nitrogen is 
used on the cathode and zero DC current. These two methods have been chosen 
because the catalyst layer physics simplify to cases in which parameters such as 
ohmic resistance, CL electrolyte resistance, and double-layer capacitance can be 
readily extracted from impedance data [24]. 

23.2.2 Ex situ Tools for Characterization of Catalyst Degradation During Fuel 
Cell Operation 

Electrochemical methods used in the diagnosis of fuel cell degradation provide 
directly macro-phenomena about fuel cell degradation. Hypothesis and degradation 
mechanisms can be deduced from electric measurement results, e.g., from analysis 
of polarization curves. To fundamentally understand catalyst layer degradation in 
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fuel cell operation, many methods developed for material characterization are 
frequently used in the diagnosis of catalyst layer degradation. 

23.2.2.1 Electron Microscopy 

Electron microscopy, such as scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM), is a powerful tool for catalyst structure 
and phase analysis. TEM with energy dispersive X-ray spectroscope (EDX) has 
high resolution up to the atomic level and the capability for both imaging and 
element analysis. Catalyst particles used in fuel cell electrodes usually have a 
dimension range of 2-5 nm. Morphology is difficult to identify with other tools, 
even field emission scanning electron microscopy (FESEM). Although STM 
(scanning tunneling microscopy) and AFM (atomic force microscopy) can reach 
similar resolutions, both methods require a smooth sample surface, ideally a single 
crystal surface. Therefore, they are rarely used in porous electrode analysis. 

Figure 23.5 is a typical TEM image of a Pt catalyst on a carbon support with 
polymer electrolyte. The Pt particles, polymer electrolyte, carbon support for the 
Pt, and voids can be identified clearly. Using EDX and electron diffraction, the 
elements of the phases and crystal structure can also be determined. TEM has been 
widely used to measure the catalyst particle size and surface area, to determine Pt 
dissolution and migration into the membrane, to analyze the catalyst layer 
structures and catalyst alloy phases, and to identify MEA failures [32-39]. 



Figure 23.5. A typical TEM image of a catalyst layer. Magnification: 400,000X. 

Sample preparation of the porous electrode for TEM investigation is critical in 
order to obtain clear images of all phases in the catalyst layer. Ultra-microtome, 
solvent dispersion and FIB (fast ion beam bombardment) sample preparation 
methods have been investigated. The ultra-microtome technique, introduced first 
by Blom et al. in Oak Ridge National Laboratory [32], is often used to make thin 
slides of a catalyst layer sample impregnated with epoxy for TEM investigation. 
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SEM is another common tool in catalyst structure and morphology analysis 
Unlike TEM, in which the image is obtained from transmission electrons, the 
image in SEM is obtained from second or back scattering electrons reflected from 
the sample surface. With a field emission gun, SEM can achieve 3 nm resolution. 
Although FESEM’s resolution is lower than TEM’s, sample preparation for SEM 
is much simpler than for TEM. In addition, a larger area of sample can be viewed 
using SEM, and an SEM image provides more information on the sample’s surface 
morphology. SEM with FIB (dual beams) is also used to slice samples for TEM or 
to generate 3D images for the investigated samples. Thus, SEM has been widely 
used to characterize catalyst structure and analyze fuel cell failure. 

A field emission scanning electron microscope with a cryogenic stage and 
sample preparation unit (CRYO-FESEM) was introduced by Li et al. at Ballard 
Power Systems to characterize ice distribution in the catalyst layer and gas 
distribution layer (GDL) of PEMFCs under isothermal constant voltage (ICV) 
operation at subzero temperature [40]. The analysis method was designed to ensure 
that the entire experiment, from sample preparation to CRYO-FESEM 
characterization, was carried out under subzero (°C) conditions so that the water 
was always kept in a frozen state without thawing. Figure 23.6 shows examples of 
CRYO-FESEM images and the image analysis method [40]. 



Figure 23.6. CRYO-SEM image analysis, a) SEM image of a cross-section of the MEA2 
under frozen state, b) a close-up of a sublayer in a), and c) the same image of a) converted 
into a binary image with histogram analysis using Image-Pro Plus software. 

X-ray diffraction is a very useful tool for analysis of crystal structure and 
crystalline size. Phase identification using X-ray diffraction relies mainly on the 
positions of the peaks in a diffraction profile and to some extent on the relative 
intensities of these peaks. The shapes of the peaks, however, contain additional and 
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often valuable information. The shape, particularly the width, of the peak is a 
measure of the amplitude of thermal oscillations of the atoms at their regular lattice 
sites. Crystallite size can also cause peak broadening. The well-known Scherrer 
Equation (Equation 23.12) [42] explains peak broadening in terms of incident 
beam divergence, which makes it possible to satisfy the Bragg condition for non- 
adjacent diffraction planes. Once instrument effects have been excluded, the 
crystallite size is easily calculated as a function of peak width (specified as the full 
width at half maximum peak intensity (FWHM)), peak position, and wavelength. 

Lyol ' KX/p cos 9 

(radians) (23.12) 

where K is a constant approximately equal to 0.89-0.94, X is the X ray wavelength, 
and P is the integral breadth of the diffraction peak. 

The first detailed X-ray diffraction (XRD) studies on PEMFC electrodes were 
performed by Wilson et al. [43] using a Warren-Averbach Fourier transformation 
method for determining the weighted crystallite sizes. Warren and Averbach’s 
method takes into account not only the peak width but also the shape of the peak. 
This method is based on a Fourier deconvolution of the measured peaks and the 
instrument broadening to obtain the tine diffraction profile. This method is capable 
of yielding both crystallite size distribution and lattice microstrain. The particle- 
size distributions can be determined from the actual shape of the diffraction peaks, 
with the use of Warren-Averbach analysis. 

The specific Pt surface area for a sample, S P , (m 2 /g Pt ), can be approximated 
using the following summation: 


S Pt =JW„S(n) (23.13) 

n =1 


where n is the characteristic diameter (in nanometers) of the particles within the 
nth domain, W is the mass fraction of platinum within the nth domain, and S(n) is 
the specific surface area (in units of m 2 /g Pt ) of spherical platinum crystallites with a 
diameter of n nm. 

For particle size analysis, XRD operation and sample preparation is simple. It 
represents an average particle size in a larger sample size, as compared with TEM. 
However, TEM imaging analysis can provide particle size distributions for 
different locations in the catalyst layer, particle aggregation information, and 
element composition, which cannot be obtained from XRD analysis. Many TEM 
analyses result in particle size profiles that are not as heavily biased toward the 
smaller particles as these XRD results are [33, 43]. Ferreira et al. [33] observe that 
the volume averaged diameter (2.3 nm) determined from X-ray powder diffraction 
is slightly different from the volume/area averaged diameter (3.0 nm) from TEM 
measurement. The imaging effects as well as the low contrast between the smaller 
particles and the carbon background limit the ability of the TEM to resolve many 
of the smaller particles (< lnm). In one case, the particles in a supported catalyst of 
subnanometer Pt clusters that could not be observed with TEM were readily 
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detected by XRD. Therefore, the volume/area average diameter from TEM would 
be slightly larger than that from X-ray diffraction. 

Figure 23.7 shows a typical example of the X-ray powder diffraction pattern of 
a pristine Pt/Vulcan powder sample collected at normal incidence, in comparison 
with patterns of the anode and cathode in a cycled Pt/Vulcan MEA sample 
collected at 1° incidence [33]. The average platinum crystal sizes (volume 
averaged) of pristine and cycled Pt/Vulcan samples were estimated using the 
Scherrer equation, by measuring the full width half maximum of the {111} Pt , 
{200} Pt , and {220} Pt X-ray powder diffraction peaks. Upon cycling between 0.6 
and 1.0 V, the volume averaged platinum crystal size in the cycled MEA cathode 
increased significantly to 10.5 nm, from 2.3 nm in the pristine Pt/Vulcan sample. 
The Pt agglomeration will be discussed in later sections. 



Figure 23.7. (a) X-ray powder diffraction pattern of the pristine Pt/Vulcan powder sample 
collected at nonnal incidence was compared to those of anode (b) and cathode (c) in the 
cycled Pt/Vulcan MEA sample collected at 1° incidence [33], (Reprinted by pennission of 
ECS—The Electrochemical Society, from Ferreira PJ, la O’ GJ, Shao-Hom Y, Morgan D, 
Makharia R, Kocha S, Gasteiger F1A. Instability of Pt/C electrocatalysts in proton exchange 
membrane fuel cells.) 

Chemical bond information for materials can be determined with inferred 
and/or Raman spectroscopy, SIMS (second ion mass spectroscopy) and TOF-SIMS 
(time-of-flight secondary ion mass spectroscopy). Chemical bond information, 
especially on the materials surfaces, can be obtained with TOF-SIMS. Micro-IR 
and micro-Raman spectroscopes have been developed to map the chemical 
compositions of samples on a micrometer scale. The chemical species presented in 
MEAs after different lifetime tests were studied by a Raman spectrometer [36]. 
Cheng and co-workers observed a significant shift in the Raman bands of 
ruthenium oxide (Ru0 2 ) from 528, 646, and 716 cm in a single crystal to 506, 
616, and 675-680 cm _1 of amorphous ruthenium oxide at the anode side of MEAs. 
Although the RuCL was initially present in the powder sample of the anode 
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catalyst, the intensity of Raman peaks increased considerably after lifetime tests 
and sharper peaks were observed for the 1000 h MEA [36]. 

Electrocatalytic reactions occur on catalyst surfaces. The catalyst surface 
structure and chemically bonded or physically absorbed substances on the catalyst 
surface exert strong influences on catalyst activity and efficiency. X-ray 
photoelectron spectroscopy (XPS) (also known as electron spectroscopy for 
chemical analysis (ESCA), auger emission spectroscopy (AES), or auger analysis) 
is a failure analysis technique used to identify elements present on the surface of 
the sample. For instance, this can be used to identify Pt and carbon surface 
chemical species that may present histories of chemical reactions or contamination 
in the catalyst layer. AES and XPS can also provide depth profiles of element 
analysis. Wang et al. [41] studied XPS spectra of carbon and Pt before and after 
fuel cell operation. They observed a significant increase in O Is peak value for 
each oxidized carbon support, the result of a higher surface oxide content in the 
support surface due to electrochemical oxidation. Elowever, sample preparation in 
AES and XPS analysis is critical because these methods are very sensitive to a 
trace amount of contaminants on sample surfaces, and detect as little as 2-10 atoms 
on the sample surface. 

23.2.3 Durability and Accelerated Stress Testing 

Fuel cells, especially for automotive applications, must operate over a wide range 
of operating and cyclic conditions. A desirable operating temperature range is from 
below the freezing point to well above the boiling point of water. The humidity can 
range from dry to saturated (100% relative humidity, RFI). The anode side of the 
cell may be exposed to hydrogen and air during different parts of the driving and 
start/stop cycles. The half-cell potentials can vary from 0 to > 1.5 volts due to the 
start/stop cycles. The lifetime of the fuel cell is significantly impacted by the 
operating conditions. Many factors, for instance, Pt sintering, particle growth, Pt 
dissolution, and carbon support corrosion, can affect catalyst layer durability. All 
of these factors are accelerated under load-cycling. Because so many interrelated 
issues are involved in durability analysis of a PEMFC, many broad studies 
addressing all of these factors and operating conditions are needed. A conventional 
durability test requires progressively longer hours per test as the cell/stack design 
nears completion. A final configuration of PEMFC components could be tested for 
a total of up to 10,000 h or more before a prototype design is frozen. The prototype 
stack must then be validated for another ~5,000 h before being integrated with the 
system [9]. An accelerated stress test (AST) is demanded by developers for 
screening new components and new designs. In order to assess the lifetime of fuel 
cell products, questions of how to evaluate durability under various operating 
conditions and how to compare data taken under different conditions must be 
solved. 

In the past few years, many AST methods used for individual components have 
been developed, but they tend not to conform to standardized protocols; different 
developers test products using their own protocols, and the operating conditions 
used to study the degradation mechanisms and durability of various components 



Catalyst Layer Degradation, Diagnosis and Failure Mitigation 1055 


thus tend to vary. Therefore, it is difficult to compare the data obtained from 
various developers. 

The United States Department of Energy (DOE) and the Freedom CAR Fuel 
Cell Technical Team have recently released a set of durability-test protocols that 
includes tests of electrocatalysts (see Table 23.1) and of electrocatalyst supports 
(see Table 23.2) as well as other components [44], The documents describe testing 
protocols to assess the performance and durability of fuel cell components for 
automotive and stationary applications. These protocols are intended to establish a 
common approach for determining and projecting the durability of PEMFC 
components under simulated automotive drive cycle conditions. 

Table 23.1. Electrocatalyst cycle and metrics [44], (Reproduced from United States 
Department of Energy. DOE cell component accelerated stress test protocols for PEM fuel 
cells: electrocatalysts, supports, membranes, and membrane electrode assemblies. 2007. 
With permission from DOE.) 


Cycle 

Step change: 30 s at 0.7 V and 30 s at 0.9 V. Single cell 25-50 cm 2 

Number 

30,000 cycles 

Cycle time 

60s 

Temperature 

80 °C 

Relative 

Humidity 

Anode/cathode 100/100% 

Fuel/Oxidant 

Hydrogen/Nitrogen 

Pressure 

150 kPa absolute 

Metric 

Frequency 

Target 

Catalytic 

activity* 

Beginning and End of Life 

< 60% mass loss of initial 
catalytic activity 

Polarization 
curve from 0 to 
>1.5 A/cm 2 ** 

After 0, lk, 5k, 10k and 30k cycles 

< 30 mV loss at 0.8 A/cm 2 

ECSA/Cyclic 

Voltammetry 

After 1,10, 30, 100, 1000, 3000 
cycles and every 5000 cycles 
therefater 

< 40% loss of initial area 


* Activity in A/mg @150 kPa abs backpressure at 900 mV iR-corrected on H 2 /O 2 , 100% 
RH. 80 °C 

** Polarization curve per USFCC "Single Cell Test Protocol" Section A6 


The actual lifetime of a fuel cell in a vehicle undergoing driving and start/stop 
cycles may or may not be accurately predicted by these protocols. More studies are 
needed to link the AST results to the actual lifetime, including identifying failures, 
understanding failure mechanisms, and modeling data to predict the lifetime of 
products. 
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Table 23.2. Support cycle and metrics [44], (Reproduced from United States Department of 
Energy. DOE cell component accelerated stress test protocols for PEM fuel cells: 
electrocatalysts, supports, membranes, and membrane electrode assemblies. 2007. With 
permission from DOE.) 


Cycle 

Hold at 1.2 v for 24 h; run polarization curve and ECSA; repeat 
for total 200 h. Single cell 25-50 cm 2 

Total time 

Continuous operation for 200 h 

Diagnostic frequency 

24 h 

Temperature 

95 °C 

Relative Humidity 

Anode/cathode 80/80% 

Fuel/Oxidant 

Hydrogen/N itrogen 

Pressure 

150 kPa absolute 


Metric 

Frequency 

Target 

C0 2 release 

On-line 

< 10% mass loss 

Catalytic Activity* 

Every 24 h 

<60% loss of initial catalytic activity 

Polarization curve from 

0 to >1.5 A/cm 2 ** 

Every 24 h 

< 30 mV loss at 1.5 A/cm 2 or rated power 

ECSA/Cyclic 

Voltammetry 

Every 24 h 

<40% loss of initial area 


* Activity in A/mg @150 kPa abs backpressure at 900 mV iR-corrected on H 2 /0 2 , 100% 


RH, 80 °C 

** Polarization curve per USFCC "Single Cell Test Protocol" Section A6 


23.3 Anode Catalyst Layer Degradation 

23.3.1 Anode Catalyst Layer Degradation Caused by Contamination 

PEM fuel cells use air as a source of oxygen and hydrogen as fuel. Pollutants in the 
air and impurities in the hydrogen gas can harm the anode and cathode catalyst 
layers and, in severe cases, can permanently damage the MEA. The impurities in 
hydrogen, CO, H 2 S, NH 3 , organic sulfur-carbon, and carbon-hydrogen compounds, 
come mainly from fuel processing. Air pollutants such as NO x , SO x , and 
hydrocarbons arise mainly from vehicle exhaust and industrial emissions. Table 
23.3 lists U.S. National Ambient Air Quality Standards (NAAQS). In high air 
pollution regions, especially in developing countries and industrial areas, the 
pollutant concentration can exceed the amounts in Table 23.3. Traces of metal 
ions, especially Fenton agent such as Fe 2+ and Cu + , coming from the humidifier or 
other components are also harmful to the ionomers in the catalyst layer. The effect 
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of contaminants on the performance and durability of fuel cells is one of the most 
important issues in fuel cell operation and applications [45, 46], Understanding 
contamination mechanisms and developing mitigation strategies has drawn a great 
deal of attention to fuel cells and their applications in the automobile industry. For 
the impacts, mechanisms, and mitigation of contamination in PEM hydrogen fuel 
cells, readers are referred to the reviews of Cheng [46], Baschuk [47], and their co¬ 
workers. 


Table 23.3. National Ambient Air Quality Standards (NAAQS) 


Pollutant 

Primary Stds. 

Averaging Times 

Carbon Monoxide 

9 ppm 
(10 mg/m 3 ) 

8-hour* 1 * 

35 ppm 
(40 mg/m 3 ) 

l-hour (1) 

Nitrogen Dioxide 

0.053 ppm 
(100 pg/m 3 ) 

Annual (Arithmetic Mean) 

Ozone 

0.08 ppm 

8-hour 

0.12 ppm 

1-hour 

(Applies only in limited areas) 

Sulfur Oxides 

0.03 ppm 

Annual (Arithmetic Mean) 

0.14 ppm 

24-hour (1) 

0.5 ppm (2) 

(1300 pg/m 3 ) 

3-hour (1) 


(1) not to be exceeded more than once per year 

(2) secondary standards 


23.3.1.1 Anode Contamination by Carbon Oxide 

Carbon monoxide in the fuel gas, especially in reformate EE-rich gas, has become a 
major concern in PEM fuel cells, particularly at operating temperatures < 80 °C. 
Stream reforming of natural gas (stream methane reforming (SMR)) or of gasoline 
or diesel is the most common method of producing commercial bulk hydrogen. In 
gasoline reforming, relatively simple water gas shift reactors typically achieve a 
CO level of 5000-10000 ppm. In methanol reforming, the amount of CO produced 
is lower, but the reformate still contains about 1000 ppm CO. In reforming 
hydrogen, even using a selective oxidation process, the CO concentration could be 
in the range of 2-100 ppm, which could poison the anode catalyst layer, resulting 
in lower fuel cell performance and reduced energy conversion efficiency. 

Theoretical analysis indicates that CO poisons the anode reaction through 
preferentially adsorbing to the platinum surface and blocking active sites. CO 
absorbs on the platinum sites to the exclusion of hydrogen because CO is more 
strongly bonded to platinum than is hydrogen, which is indicated by a greater 
potential required for CO oxidation than for hydrogen oxidation, and a sticking 
probability of CO on platinum 15 times higher than that of hydrogen on platinum 
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[47, 48]. CO molecules adsorbed on a Pt surface could be either one CO molecule 
on one adsoiption site (so-called linear adsorption) or one CO molecule on two 
adjacent Pt surface adsoiption sites (bridge-adsorption) [49, 50]. Linear adsorption, 
therefore, should yield higher CO coverage on the Pt surface. The adsoiption 
equilibrium is strongly in favor of adsorption, and desorption takes place most 
easily via oxidation of CO to CO 2 . The oxygen atoms necessary for the reaction are 
then obtained from dissociation of the humidification water or the water present in 
the proton exchange membranes. In Camara’s model [49], the linear- and bridge- 
bonded adsorbed CO, and the linear-bonded CHO and COOH derivatives are 
considered poisoning species. For all catalysts, CO oxidation starts mainly at the 
bridge-bonded sites. Only at high overpotentials does the linearly adsorbed CO 
start to be oxidized, and in this new situation the number of holes on the CO 
monolayer is sufficient to permit more significant hydrogen oxidation currents. 

O 

o 

CO + Pt—»Pt (linear-bonded) (23.14a) 

O 

o 

CO + Pt • • • Pt —» Pt • • • Pt (bridge-bonded) (23.14b) 



Current Density / mA cm ' 3 

Figure 23.8. Effect of CO contamination time on fuel cell performance in FL/100 ppm CO 
during the poisoning period; anode and cathode: Pt on Vulcan XC72; T = 80 °C; P (H 2 ) = 0-22 
MPa, P( 02 ) = 0 .24 MPa [51], (Reprinted by pennission of ECS—The Electrochemical 
Society, from Oetjen H-F, Schmidt VM, Stimming U, Trila F. Performance data of a proton 
exchange membrane fuel cell using H 2 /CO as fuel gas.) 

CO poisoning of the Pt electrocatalyst in the anode causes fuel cell 
performance loss. The effect of CO poisoning on fuel cell performance is strongly 
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related to the CO concentration, the exposure time, and the cell operation 
temperature and pressure. Higher concentration and longer exposure time lead to a 
bigger loss in voltage, as shown in Figures 23.8 and 23.9 [51]. Increasing the cell 
temperature could effectively reduce CO adsoiption on the catalyst surface by 
promoting CO oxidation. Using a current density at the cell voltage loss of 10 mV 
to define CO tolerance, Li et al. [50] found that the CO tolerance of the Pt catalyst 
at 200 °C is 1.3 A/cm 2 for 1% CO in hydrogen. It drops to 1.2 and 0.3 A/cm 2 at 175 
and 150 °C, respectively. At 125 °C, however, 0.1% CO in hydrogen can only be 
tolerated at current densities lower than 0.3 A/cm 2 . The tolerance at 80 °C is only 
0.2 A/cm 2 for 0.0025% CO (~25 ppm) in hydrogen [50]. 



Figure 23.9. Effect of CO concentration oil fuel cell performance; anode and cathode: Pt on 
Vulcan XC72; T = 80 °C; P (H2) = 0.22 MPa, P (02) = 0.24 MPa [51], (Reproduced by 
permission of ECS—The Electrochemical Society, from Oetjen H-F, Schmidt VM, 
Stimming U, Trila F. Performance data of a proton exchange membrane fuel cell using 
H 2 /CO as fuel gas.) 

To achieve a high level of CO tolerance, another method is to use an alloyed 
platinum catalyst having increased intrinsic tolerance to CO, such as Pt-Ru or Pt- 
Mo [52-54], The Pt-Ru alloy has been widely used as an anode catalyst in fuel 
cells. The oxidation of CO on a Pt-Ru alloy electrode occurs at potentials of 170— 
200 mV lower than that of a pure Pt electrode [47], as illustrated in Figure 23.10. 
The lower oxidation potential of Ru compared with Pt leads to the preferential 
adsorption of water on the Ru atoms, creating Ru-OH and allowing the CO 
adsorbed on the Pt atoms to oxidize with the adjacent Ru-OH through the reactant 
pair mechanism [47]: 


Ru-OH + Pt-CO -* Ru + Pt + C0 2 + H + + e _ 


(23.15) 
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Thus, it would be expected that the best performance would occur on an electrode 
where Ru and Pt atoms are adjacent to one another. However, oxidation of Ru 
causes Ru to dissolve and cross over to the cathode, resulting in cell performance 
decline. This will be discussed in the following section. 



Figure 23.10. Comparison of the oxidation of CO on Pt and Pt-Ru [55], (Reprinted from 
Electrochimica Acta, 39(11-12), Ianniello R, Schmidt VM, Stimming U, Stumper J, Wallau 
A, CO adsorption and oxidation on Pt and Pt-Ru alloys: dependence on substrate 
composition, 1863-9, ©1994, with permission from Elsevier.) 

Air bleeding at the cell operational stage is another approach to mitigate CO 
poisoning [56-57]. Injection of 1-6% air, for instance, into the fuel stream can 
catalyze chemical oxidation of CO, originally by the platinum anode catalyst itself. 
Introduction of oxygen into the anode gas stream could also occur through the use 
of hydrogen peroxide (H 2 0 2 ) in the anode humidifier. The hydrogen peroxide 
decomposes to hydrogen and oxygen in the anode, and the oxygen oxidizes the 
CO. The main advantage of using H 2 0 2 as opposed to 0 2 bleeding is to avoid the 
safety problem associated with mixing hydrogen and oxygen gases. 

23.3.1.2 Anode Contamination by Sulfur-containing Species 
Sulfur-containing species, such as sulfur dioxide (S0 2 ) and sulfur hydrogen (H 2 S), 
in the fuel or air stream of a fuel cell are also strongly adsorbed on the Pt catalyst 
surface. H 2 S can be catalyzed by Pt to form Pt-S al j s and H 2 on the Pt surface [58]: 

Pt + H 2 S -» Pt-S ads +H 2 (23.16) 

or to form platinum hydrogen sulfide and platinum hydrogen through the following 
paths [46]: 


Pt + H 2 S -> Pt-H 2 S ads 


(23.17a) 
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Pt + HS" +H + —> Pt-HS ads ~ +H + (23.17b) 

Pt-HS ads ' +H + -> Pt + H 2 S (23.18) 

Pt + H + ^ Pt + -H ads (23.19) 

where Pt 1 represents an equivalent positive charge on the Pt surface. Further 
oxidation of the adsorbed SFI and FFS form platinum sulfide: 

Pt-SHw—> Pt-S ads +/?H +ne~ (n = 1 or 2) (23.20) 


A trace amount of FI 2 S in the fuel or air stream could degrade the cell 
performance significantly, mainly through the poisoning effect of the Pt catalysts. 
A 0.1 ppm level of H 2 S in the fuel stream could cause a 250 mV cell voltage drop 
within 300 hours at 0.5A/cm 2 load [59]. Unlike in the case of CO poisoning, the 
presence of Ru in the Pt catalyst cannot provide sufficient tolerance to P1 2 S 
poisoning. Cathode exposure to 200 ppm PI 2 S for 10.5 hours caused complete 
deterioration in cell performance [58], which was only partially recoverable when 
neat air was introduced to the cathode side for 70.5 hours. 

S0 2 adsorption on a Pt electrode would occur by linearly and bridged adsorbed 
S species. These two forms of chemisorbed S species on Pt at 80 °C were reported 
to be responsible for catalyst poisoning [46]. Electrochemical reduction from S0 2 
to S on a Pt electrode, producing SO intermediates, was also suggested [46]: 

Pt + S0 2 +2H + +2e~—> Pt-SO ads +H 2 0 (23.21) 

Pt-SO ads +2H + +2c~—> Pt-S ads +H 2 0 (23.22) 

The performance of a fuel cell with 1 ppm of SO? in the air stream dropped 35% 
after 100 hours [60]. Absorbed SO? on the catalyst layer decreased the active 
surface area of the electrocatalyst. Cell performance could be only partially 
recovered by oxidation of SO? [59]. 

An electrocatalyst with high tolerance to sulfur-containing species has not yet 
been reported. Pre-purifying of gas streams to remove the sulfur-containing species 
is needed to avoid catalyst contamination by these materials. 

23.3.2 Anode Catalyst Layer Degradation-Voltage Reversal 

Cell voltage reversal could occur in a stack with serial cells or even a complete 
stack in a multi-stack system during fuel cell operation. When a weaker cell in a 
stack is not capable of producing the required current, voltage produced in other 
cells in the stack will apply to this cell and then drive the cell to become an 
“electrolysis cell” rather than a “battery”, resulting in a negative voltage. Cell 
reversal is more likely to occur under conditions that expose weaker cells, e.g., low 
stoichiometries, electrode flooding at high current density, fuel cell start-up and 
shutdown operations, etc. The cell reversal can also occur in stack arrays when an 
entire stack is driven into voltage reversal by the other stacks. 
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Oxygen starvation caused by air stoichiometry or electrode flooding can lead to 
cell reversal. When there is insufficient oxygen at the cathode to combine with the 
protons coming across the membrane, the oxygen reduction reaction (ORR) 

O 2 +4H + +4e" = 2H 2 0 (E° = 1.23 V) (23.23) 

will be replaced by the proton reduction reaction (PRR) 

2H 3 0 + +2e~ = H 2 +2H 2 0 (E° = 0.00 V) (23.24) 

Therefore, the protons will be reduced with the electrons directly to produce 
hydrogen gas. Essentially, the cell turns into a hydrogen pump, with the hydrogen 
being oxidized at the anode and reduced at the cathode. Since the oxidation of the 
H 2 and the reduction of the H + are both very facile, the voltage drop across the cell 
at zero air stoichiometry will be quite small. In the absence of oxygen, the 
hydrogen production actually begins at small positive cell voltages (e.g., 0.03 V) 
because the cell has a strong H 2 concentration difference. Although heat will be 
generated in this case, there are not many reports of electrode or cell damage 
caused by oxygen starvation. 



Figure 23.11. Fuel starvation polarization. Humidified anode/cathode feed streams: 
nitrogen/air. 3 bar, 75 °C, 4 mg/cm 2 Pt on each of the cathode and anode [61], (Reprinted by 
permission of ECS—The Electrochemical Society, from Knights SD, Colbow KM, St-Pierre 
J, Wilkinson DP. Aging mechanisms and lifetime of PEFC and DMFC.) 

Voltage reversal caused by fuel starvation has been observed both in stack 
applications and in controlled laboratory experiments [61]. Many factors, such as 
severe water flooding, stack manifold problems, and flow field blockage, 
particularly at a low pressure drop across the cells, can cause localized fuel 
starvation. If hydrogen is no longer available to be oxidized, the voltage at the 
anode will rise to that required to oxidize water (electrolysis). The electrolysis of 
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the water will result in the evolution of oxygen and protons at the anode, a reversal 
reaction of Equation 23.23. Figure 23.11 [61] presents a complete fuel starvation 
polarization with nitrogen flowing on the anode (no hydrogen). The cell voltage 
drops sharply due to a rise in anode potential to the level of water oxidation. 
Taniguchi et al. determined a time-dependent change of cell terminal voltage in a 
cell reversal degradation experiment with reference electrodes in both anode and 
cathode [62]. Cell reversal occurs when the fuel cell stack is loaded and not enough 
fuel is supplied to the anode. The anode potential quickly increased from 0 V to 1.5 
V, as shown in Figure 23.12 [62]. It is also observed that the anode potential 
increases with fuel utilization. At 95% fuel utilization the anode potential rises to 
between about 0.4 V and 0.5 V, and the cathode potential at the fuel outlet 
approaches the open circuit voltage [63]. High anode potential could also occur 
when oxygen crosses over to the anode side and at the same time the fuel supply is 
insufficient. High anode potential will lead to carbon corrosion and Ru dissolution, 
resulting in anode catalyst layer degradation. Ru crossover from anode to cathode 
can also contaminate the cathode and decrease the catalytic activity of the cathode 
catalyst, which will be discussed in Section 23.3.3. 



l imesee 

Figure 23.12. Time-dependent changes in the anode and cathode potential during a cell 
reversal experiment [62], (Reprinted from Journal of Power Sources, 130(1-2), Taniguchi 
Akira, Akita Tomoki, Yasuda Kazuaki and Miyazaki Yoshinori, Analysis of electrocatalyst 
degradation in PEMFC caused by cell reversal during fuel starvation, 42-9, ©2004, with 
permission from Elsevier.) 

Mitigation of the anode degradation caused by voltage reversal can be achieved 
through modification of the anode structure to favor oxidation of water over 
carbon. Knights et al. [61] suggest some strategies to accomplish this, including 
enhanced water retention on the anode (e.g., through modifications to the PTFE 
and/or ionomer, and addition of water-blocking components such as graphite); use 
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of improved catalysts to reduce the required anode potential for water electrolysis 
and thus the associated carbon oxidation (e.g., additional Ru or Ir on the anode); 
use of a more robust catalyst support (e.g., more graphitic carbon or alternative 
support materials); and increased catalyst coverage on the support to reduce 
contact between carbon and reactants (e.g., higher weight percentage Pt on the 
carbon). They also demonstrate that an anode structure with PTFE and more 
graphitic carbon catalyst support is superior to other anode structures in the cell 
voltage response over time of four different stacks with different anode designs 
[61], as shown in Figure 23.13. 
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Figure 23.13. Comparison of different anode structures in severe failure testing. Each cell 
has an equivalent cathode (~0.7 mg/cm 2 Pt, supported on carbon). Testing conducted at 200 
mA/cm 2 , fully humidified nitrogen on the anode. Anode loading at ~0.3 mg/cm 2 Pt 
supported on carbon (varied materials and compositions). Each curve represents the results 
from a four-cell stack with each cell in the stack having identical composition. Four separate 
stack tests were run to generate the curves [61]. (Reprinted by permission of ECS—The 
Electrochemical Society, from Knights SD, Colbow KM, St-Pierre J, Wilkinson DP. Aging 
mechanisms and lifetime of PEFC and DMFC.) 

23.3.3 Ru Leaching and Crossover 

Pt-Ru alloy is widely used as an anode catalyst in PMEFCs and DMFCs. Although 
anode catalyst degradation has been much less studies than cathode catalyst 
degradation, which has a significant effect on cell performance, Ru leaching and 
re-deposition on the Pt surface of the cathode has recently attracted attention, 
especially with respect to DMFCs [64, 65]. Ru leaching from Pt-Ru anode 
electrocatalysts and crossing over to the cathode can have a dramatic impact on the 
activity of a Pt/C oxygen-reduction cathode [64, 65]. Ru metal is 

thermodynamically unstable under some fuel cell operating conditions. Under 
normal conditions, the anode potential is lower than 0.2 V. Flowever, when voltage 
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reversal occurs during fuel starvation as discussed above, the anode potential can 
rise to a higher level, especially in start/stop operations, resulting in the dissolution 
of Ru metal. Piela [65] at Los Alamos National Laboratory reported that Ru 
crossover occurs both under abnormal conditions, such as cell reversal resulting in 
very high anode potentials, and under normal DMFC operating conditions such as 
life testing. The presence of Ru in the cathode is detected by X-ray fluorescence 
analysis [65], Ru metal is expected to be thermodynamically stable up to about 0.8 
V vs. RHE. Under normal fuel cell operating conditions (0.2-0.4 V vs. RHE), the 
most likely underlying cause of the Ru crossover is dissolution of intrinsic 
thermodynamically unstable oxide phases. Gances et al. [64] found that the Ru/Pt 
atomic ratio was decreased from the nominal 50 atom% Ru and 50 atom% Pt in 
pristine PtRu black to 30.3 atom% Ru and 69.7 atom% Pt after washing in 0.5 M 
ELSO4 acid solution. The ratio of Ru to Pt in the acid-treated catalyst is only 
slightly changed to 28.3 atom% Ru and 71.7 atom% Pt under further hydrogen 
electro-oxidation in the potential cycling experiment (from 0.2 to 0.4 V vs. REIE 
for 6 hours). This observation indicates that the thermodynamically unstable Ru 
oxide phases can largely be removed by washing with acid. At the same time, the 
PtRu alloy matrix seems less prone to leach Ru, except in the case of anode voltage 
reversal. 
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Figure 23.14. Impact of ruthenium 011 oxygen reduction performance: (a) CO stripping 
scans for the cathode and anode, (b) steady-state anode polarization plots before and after 
contamination of the cathode, (c) H 2 -air steady-state polarization curves, and (d) DMFC 
steady-state polarization curves. Methanol concentration 0.3 M, anode potential during 
contamination 1.3 V vs. hydrogen counter/quasi-reference electrode, cell temperature 75 °C 
[65], (Reprinted by permission of ECS—The Electrochemical Society, from Piela P, Eickes 
C, Brosha E, Garzon F, Zelenaya P. Ruthenium crossover in direct methanol fuel cell with 
Pt-Ru black anode.) 
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The presence of Ru at the cathode has a negative impact on the oxygen 
reduction kinetics. The Ru could deposit on the Pt surface in the cathode. Rotating 
disk electrode data show that the rate of oxygen reduction can decrease by a factor 
of eight, which can translate to an overpotential of approximately 160 mV in 
galvanostatic conditions [64]. Piela et al. compare the polarization curves of Ru- 
free, Ru-contaminated, and Pt-Ru cathodes. In the IT-air fuel cell operating mode, 
the cell voltage drops by ~25 mV across the current density range used, as shown 
in Figure 23.14(c), and by ~40 mV in DMFC operating mode (Figure 23.14(d)). Ru 
crossover and contamination at the cathode can be a major issue in the 
performance degradation of a fuel cell. Mitigation of Ru contamination could be 
possible through developing stable PtRu anode catalysts, novel fuel cell designs, or 
more Ru-tolerant cathode catalysts. 


23.4 Cathode Catalyst Layer Degradation 

The performance and durability of a membrane electrode assembly (MEA) is 
affected significantly by the cathode electrode composition and structure, due to 
the poor kinetics of oxygen reduction and reactant transport limitations. Utilization 
and stability of platinum or its alloys in the PEMFC play important roles in fuel 
cell efficiency, durability, and the drive for cost reduction through reduced Pt 
loadings. Cathode catalyst layer degradation is a critical issue for fuel cell 
durability to meet the requirement of > 5000 hours for automotive applications and 
> 40,000 for stationary applications. 

Cathode catalyst layer degradation is mainly caused by loss in the 
electrochemical active surface area (ECSA) of Pt or its alloys. Loss of surface area 
(for Pt or its alloys) in the fuel cell is believed to occur by some combination of the 
following four processes [10, 33-36, 66, 67]: 1) formation of larger particles via Pt 
dissolution from smaller particles (Ostwald ripening); 2) coalescence of Pt 
nanoparticles by thermal motion (sintering) or loss of the carbon support due to 
carbon corrosion; 3) Pt migration into the catalyst electrolyte or membranes, and 4) 
Pt trapped in the catalyst layer ionomer during electrode fabrication. Carbon 
corrosion could lead to damage of the porous structure of the catalyst layer, 
resulting in increased mass transport loss. Each of these processes will be 
discussed in the following sections. 

23.4.1 Platinum Dissolution During Fuel Cell Operation 

23.4.1.1 Thermodynamic Stability of Platinum Under Fuel Cell Operating 
Conditions 

Although platinum is regarded as a very stable metal in acidic environments, its 
long-term stability under fuel cell operating conditions has attracted much attention 
recently due to loss of platinum surface area during fuel cell operation. 
Thermodynamically stable phases of platinum metal and its oxides have been 
discussed in the literature, and the main electrochemical reactions are summarized 
in the following equations [9, 33, 68, 69]: 
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Pt + H 2 0 = PtO + 2H + + 2e" E° = 0.980 - 0.591pH 

(23.25 and 23.25’) [68, 69] 

PtO + H 2 0 = PtO, + 2H + + 2e E° = 1.045 - 0.059lpH 

(23.26 and 23.26’) [68, 69] 

Pt0 2 + H 2 0 = Pt0 3+ + 2H + + 2e E° = 2.000 - 0.0591pH (23.27) [68] 

Pt 2+ + H 2 0 = PtO + 2H + log(Pt 2+ ) = -7.06 - 2pH (23.28) [68] 

Pt = Pt 2+ + 2e" E°= 1.188 + 0.0295 log(Pt 2+ ) (23.29) [68] 

Pt = Pt 2+ +2e" E° = 0.963 + 0.0295 log(Pt 2+ ) (23.29’) [69] 

Pt 2+ + 2H 2 0 = Pt0 2 + 4H + + 2e" E° = 0.837 - 0.1182pH - 0.0295 log(Pt 2+ ) 

(23.30) [68] 

Pt 2+ + 2H 2 0 = Pt0 2 + 4H + + 2c E° = 1.062 - 0.1182pH - 0.0295 log(Pt 2+ ) 

(23.30’) [69] 



Figure 23.15. Potential-pH diagram for the platinum-water system at 25 °C 
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Lack of thermodynamic data limits analysis of Pt stability at fuel cell operation 
temperatures. Potential and pH diagrams, also termed a Pourbaix diagram, of Pt- 
H 2 0 can be derived from thermodynamic data provided by Pourbaix [9, 68], as 
shown by the solid lines in Figure 23.15, in which Pt 2+ equilibrium concentration is 
assumed to be approximately 1 .Ox 10 6 M. For comparison, data obtained from Lee 
et al. [69] is represented by the dashed lines in Figure 23.15. The standard 
equilibrium potential for Pt/Pt 2+ at Pt 21 activity equal to 1 is 1.188 V from 
Pourbaix’s data (Equation 23.29), but only 0.963 V from Lee’s data (Equation 
23.29’). There is also a discrepancy in the Pt 21 equilibrium with Pt0 2 between 
Equations 23.30 and 23.30’. Therefore, Lee’s data represents a larger Pt 21 stable 
region in the E-pH diagram than does Pourbaix’s data. The Pt equilibrium 
concentration will reach ~ 1 .Ox 10 6 M at 0. 8 V based on Lee’s data, but it does not 
reach that concentration until 1 V, from Pourbaix’s data. 



Figure 23.16. Equilibrium soluble platinum as a function of potential. Solid circles, 80 °C, 
2-3 nm platinum particles of a 46 wt% Pt/C powder (Tanaka) in 0.5 M H 2 S0 4 [33]; 
triangles, 23 °C Pt wire in 0.57 M perchloric acid [70], (Reprinted by permission of ECS— 
The Electrochemical Society, from Wang X, Kumar R, Myersz DJ. Effect of voltage on 
platinum dissolution relevance to polymer electrolyte fuel cells.) 

Equilibrium soluble concentrations of Pt as a function of potential in perchloric 
acid electrolyte and H 2 S0 4 are presented in Figure 23.16 [33, 70]. Wang et al. [70] 
found that the actual Pt 21 equilibrium concentration with Pt wire and 10 wt% of 
Pt/C in 0.57 M perchloric acid electrolyte was approximately 1x10 K M at 0.9 V 
and 23 °C. Ferreira et al. [33] reported a Pt 21 equilibrium concentration of 
approximately 1x10 7 M with 46 wt% of Pt/C in H 2 S0 4 at 80 °C and 0.9 V. 
However, both experimental potential dependences of Pt 21 equilibrium 
concentrations are much weaker than the Nernstian behavior for Pt/Pt 21 dissolution 
equilibrium, as shown in Figure 23.16. The potential dependence observed by 
Wang [70] and Ferreira [33] in the 0.8 to 1.1 V region is approximately 90 to 100 
mV for a ten-fold increase in the dissolved Pt concentration at 25 °C. This is much 
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higher than the 29.5 mV per decade predicted for a two-electron Nernstian 
dissolution reaction (Equation 23.29). It is not fully understood at present whether 
the species in solution that are in equilibrium with platinum are Pt 2+ only or Pt 21 
plus other Pt oxide species, nor how fluorine and chlorine ions affect the 
equilibrium of platinum/platinum complexes. More thermodynamic data is needed 
to clarify the Pt/Pt 2 f equilibrium and the effect of potential on equilibrium phases 
and concentration. Despite this discrepancy in understanding, there are clear 
tendencies toward increasing platinum dissolution while the potential and 
temperature increase. 

23.4.1.2 Kinetics of Platinum Dissolution 

The platinum electrochemical dissolution rate in fuel cell operation is a critical 
durability issue due to loss of catalyst surface area vs. time. The dissolution 
behavior and solubility of platinum are governed by the chemical state of the 
platinum surface and the equilibrium platinum species in the solution. 
Temperature, pH, electrolyte composition, potential, and particle size are all major 
factors influencing the solubility and the dissolution rate. Potential cycling of Pt 
electrodes has been extensively investigated, and the platinum electrode dissolution 
rates from the literature are summarized in Table 23.5 [9, 33, 70-74]. Both Pt(II) 
and Pt(IV) species were detected in sulfuric solution after potential cycling from 
0.41-1.46 V [73]. Pt dissolution was confirmed by a positive charge difference, 
i.e., anodic charge larger than cathodic charge (Q a > Q c ) in cyclic voltammogram 
[73]. Mitsushima et al. [74] studied the consumption rate of Pt in sulfuric acid 
under potential cycling with different scanning waves in 1 M H 2 SO 4 at 40 °C. They 
found that among the triangular waves between 0.5 to 1.8 V vs. RHE, the 
consumption rate of symmetric waves and fast cathodic asymmetric triangular 
waves is a few ng/cm 2 per cycle. However, the consumption rate is about 24 
ng/cm 2 per cycle using a slow cathodic triangular wave, which is 20 V s 1 anodic 
and 0.5 V s 1 cathodic. They suggested that the electron transfer number was about 
2 for the slow cathodic triangular wave and about 4 for the symmetric waves. For 
the Pt dissolution mechanism, a dissolution reaction with 4-electron oxidation is 
suggested [74]: 

Pt —> Pt 4+ + 4e~ (23.31) 

As a dissolution reaction with 2-electron oxidation, the platinum is suggested to be 
oxidized by water first: 

Pt + 2H z O -» Pt0 2 + 4H + + 4e (23.32) 

and then to follow the reduction process of potential cycling: 

Pt0 2 + 4H + + 2e~ Pt 2+ + 2H 2 0 (23.33) 

The sum reaction of Equations 23.32 and 23.33 is a 2-electron oxidation reaction. 
Whether Pt dissolution follows a 4-electron or 2-electron reaction would be 
dependent on the properties of the surface oxide layer. The less stable oxide layer 
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might form by the “slow cathodic” wave and the dissolution of Pt may follow the 
2-electron reaction [74]. 


Table 23.4. Pt dissolution rate [9, 33, 70-74] 


Dissolution 

Rate 

(g/cm 2 s) 

Dissolution 

Rate 

(g/cm 2 per 
cycle) 

Pt form 

Conditions 

7.5XKT 11 

4.5 xlO -9 

Pt sheet 

Potential cycling, 0.05 to 1.4 V, 45 mV/s, 
23 °C, 1M H 2 S0 4 

l.OxKT 10 

5.5xl0“ 9 

Pt wire 

Potential cycling, 0.41 to 1.46 V 40 
mV/s, 25 °C, 1M H 2 S0 4 

2.8XKT 11 

3.3xl0“ 9 

Pt disk 

Potential cycling, 0.4 to 1.4 V, 8.3 mV/s, 
25 °C,0.1MHClO 4 

3.8xKT u 

4.8xl0“ 9 

Pt disk 

Potential cycling, 0.41 to 1.46 V, 8.3 
mV/s, 25 °C, 1M H 2 S0 4 

1.5xl(T 7 

3xl0“ 9 

Pt wire 

0.5 to 1.5 V, 100 V/s, 40 °C, 1MH 2 S0 4 

1.4xl(T 14 

N/A 

10% wt% Pt/C 

0.9 V static potential, 23 °C, 0.57 M 
HC10 4 

1.7 xlO -14 

N/A 

Pt wire 

0.9 V static potential, 23 °C, 0.57 M 
HC10 4 


The dissolution rate of Pt during potential cycling increases with the maximum 
potential E H below 1.8 V vs. RHE, as shown in Figure 23.17 [74]. From 1.8 to 2.4 
V, the Pt dissolution rate is independent of E H due to the formation of a Pt oxide 
corrosion resistance layer. The Pt dissolution rate is strongly related to the number 
of oxidation-reduction cycles rather than the duration time of cycles or the 
oxidation state. The Pt dissolution rate at the high frequency of potential cycling 
(100 V/s) is approximately 1.5x10 7 g/cm : s, which is 4 orders higher than the rate 
at ~40 mV/s cycling [74]. 

Darling and Meyers developed mathematical models to simulate Pt dissolution. 
They assumed that the Pt dissolution rate is determined by potential, particle 
diameter, and the Pt oxide coverage ratio on the particle surface [76, 77]. The 
results of these simulations indicate that platinum oxidation has a marked effect on 
the stability of platinum in PEM fuel cell operation. In their model, the oxide layer 
on the particle surface protects Pt metal from sustained dissolution when the 
cathode is exposed to high potentials. They also found that platinum is quite 
soluble when the gas phase is switched from hydrogen to oxygen. Although it is 
unlikely that a fuel cell will be continuously operated in this region, hydrogen 
crossover might accelerate local Pt dissolution. 
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E s1 i V vs. Rim 

Figure 23.17. Pt consumption rate as a function of maximum potential E H in potential 
cycling with a minimum potential E L = 0.5 V vs. RHE at 40 °C in 1 M H 2 S0 4 for 50 Liz of 
the symmetric rectangular waves (square) and 100 V s 1 (25-50 Liz) of the symmetric 
triangular waves (triangle) [74], (Reprinted by permission of ECS—The Electrochemical 
Society, from Mitsushima S, Kawahara S, Ota K, Kamiya N. Consumption rate of Pt under 
potential cycling.) 

23.4.1.3 Stability of Pt-MAlloys Used as Catalysts in Fuel Cells 
Pt-M binary or ternary alloys (M = Co Cr, Mo, V, Ti, W, Al, Ag, Fe, Ni, Au) are 
being investigated for fuel cell applications as replacements for pure platinum, to 
lower cost and improve performance [78-83]. The stability of the alloys under fuel 
cell operating conditions is a major concern because the non-noble metals are less 
stable than noble metals in acidic conditions. The cobalt metal phase, for instance, 
is unstable thermodynamically and tends toward being Co 21 in acidic conditions 
under fuel cell operation potential. Co 21 and Co ’ stable regions in the Co-FFO 
Pourbaix diagram [84] cover the whole range of PEMFC operating potential and 
pFI (Figure 23.18). Antolini et al. [79] summarized the stability of Pt-M alloy 
catalysts in low-temperature fuel cells. The stability of non-noble metals in an 
acidic environment depends on the type of metal: Pt-Cr and Pt-Co are usually 
considered more stable than Pt-V, Pt-Ni, and Pt-Fe. The stability of these 
catalysts depends on the degree of alloying. The non-noble metals as “true” alloy 
solutions, not as mixtures of heterogeneous phases, in the Pt-M catalyst can lower 
its thermodynamic activity; consequently, it is less soluble. Generally, Cr and Co 
presents a higher degree of alloying with Pt than V, Ni, and Fe. This could explain 
their higher stability in acidic media. 
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pH 

Figure 23.18. Pourbaix diagram of Co-water system [84], (Reprinted by permission of 
ECS—The Electrochemical Society, from Bahrololoom ME, Gabe DR, Wilcox GD. 
Development of a bath for electrodeposition of zinc-cobalt compositionally modulated alloy 
multilayered coatings.) 

Gasteiger et al. indicated at least three possible causes for the leaching of base- 
metal from a Pt-alloy/C catalyst in PEMFCs: 1) excess base-metal deposited onto 
the carbon support during preparation, 2 ) incomplete alloying of the base element 
to Pt due to a low alloying temperature being applied during formation of the alloy, 
and 3) even a well-alloyed base-metal may leach out of the surface under PEMFC 
operating conditions and leave a Pt-enriched surface or skin, since base-metals are 
thermodynamically unstable under PEMFC potentials in acidic electrolytes. 

In the case of PEM fuel cells, the contamination of the membrane by cationic 
impurities has detrimental effects on membrane properties with regard to 
conductivity, water management, and durability. Metal cations from the dissolution 
of the catalyst can easily exchange with a proton of the membrane/ionomer 
because metal cations have a stronger affinity with the sulfonic group than protons 
do. Therefore, Mukerjee [85] and Gasteiger [78] have proposed pre-leaching of the 
alloy to minimize the contamination of the MEA during operation. In an ex situ 
leaching experiment, the unleached pristine Pt x Coi_ x /C catalyst exhibited the 
greatest dissolution of the cobalt, close to 37 wt% as measured by ICP analysis, 
after immersing in 0.5 M H 2 SO 4 at 90 °C under air for a period of 24 h, whereas 
the pre-leached Pt x CO|. x /C catalyst had less than 4 wt% of Co dissolved. Gasteiger 
also demonstrated that the MEA with pre-leached Pt x Coi_ x /C cathode had similar 
durability as the MEA with Pt/C, as shown in Figure 23.19 [78]. 




Catalyst Layer Degradation, Diagnosis and Failure Mitigation 1073 



Figure 23.19. Durability of Pt/C and Pt x Coi_ x /C MEAs tested in a short stack (active area = 
465 cm 2 ) under FL-air at a cell temperature of 80 °C and total reactant pressures of 150 
kPa abs with anode and cathode humidities at 100%, anode and cathode reactant 
stoichiometries of s = 2/2. Data are shown with stack under a constant current density load 
of 0.20 A/cm 2 over 1000 h. Data are averaged over four cells of each type of MEA [78], 
(Reprinted from Applied Catalysis B: Environmental, 56(1-2), Gasteiger FiA, Kocha SS, 
Sompalli B, Wagner FT, Activity benchmarks and requirements for Pt, Pt-alloy, and non-Pt 
oxygen reduction catalysts for PEMFCs, 9-35, ©2005, with permission from Elsevier.) 

23.4.2 Pt Accumulation and Distribution in the Membrane after Fuel Cell 
Operation 

Pt z+ (either Pt 21 or Pt 4 ) dissolved from the catalyst surface in the cathode can 
migrate into the membrane and redeposit there, growing into large particles [33- 
35, 37, 86]. Those Pt particles accumulate in the membrane close to the cathode 
catalyst layer to form a “band”, which can be observed using SEM or TEM, as 
shown in Figure 23.20. Larger particles with an average size of 140 nm were 
observed in the membrane around 5-6 pm away from the membrane/catalyst 
interface in the voltage cycling test (0.6-1.2 V) with air flowing in the cathode 
(Figure 23.21) [37]. Most of the small particles have a size range from 5-30 nm 
and disperse in the membrane from the cathode/membrane interface to halfway 
across the membrane. The Pt distribution in the membrane during the voltage 
cycling test is dependent on the cathode atmosphere. With flowing nitrogen in the 
cathode, larger particles (averaging ~130 nm) accumulate closer to the cathode 
catalyst layer (~1 pm away from the catalyst layer as compared with ~5 pm in O 2 
flowing through the cathode), as shown in Figure 23.21 (left). 
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Figure 23.20. Platinum band in the membrane after voltage cycling (0.6-1.2 V) with air 
flowing in the cathode; SEM image, 1600x. Unpublished data. 
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Figure 23.21. TEM image of membrane close to membrane/cathode interface (top) and Pt 
particle size distribution (bottom) from a MEA cross-section after AST voltage cycling 
under air flowing in cathode (bottom right) and N 2 flowing in cathode (bottom left) [37]. 
(Reprinted by permission of ECS—The Electrochemical Society, from Li J, He P, Wang K, 
Davis M, Ye S. Characterization of catalyst layer structural changes in PEMFC as a function 
of durability testing.) 
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Pt deposition in the membrane could follow this reaction [33]: 

Pt z+ + H 2 -> Pt + 2H + (23.34) 

Hydrogen from the anode crosses over through the membrane toward the cathode. 
It chemically reduces oxidized platinum species (such as Pt 2+ or Pt 41 ) in the 
membrane into platinum metal. The platinum nucleates and grows in the 
membrane close to the cathode. Meanwhile, hydrogen and oxygen could be 
catalyzed by the platinum particles to form water: 

Pt 

H 2 + 0 2 H 2 0 (23.35) 

High oxygen potential in the voltage cycling test with air flowing in the cathode 
could decrease the concentration of H 2 in the membrane crossed over from the 
anode. Therefore, the reaction interface of the reduction of Pt by H 2 (Equation 
23.34) moves toward the anode in air. In the case of N 2 flowing in the cathode 
during voltage cycling, the H 2 concentration near the membrane/cathode interface 
is much higher than in the cathode flowing with oxygen, with the result that Pt 
deposition occurs almost near the interface. Often, it is not identifiable under low 
resolution SEM but can be seen under TEM. 

Similarly, Pt particles were observed in the ionomer in the catalyst layer. It is 
not clear yet whether Pt accumulated in the membrane would affect the membrane 
properties and fuel cell performance. In any case, those catalyst particles, whether 
they are in the membrane or the ionomer, are isolated from the carbon support that 
is the electron path network. They cannot act as catalysts for oxygen reduction 
catalysis at all. 

23.4.3 Loss of Platinum Surface Area Due to Agglomeration 

Loss of catalyst electrochemical surface area (ECSA), as discussed above, could be 
caused by Pt dissolution and migration into the membrane. In addition, increase in 
Pt particle size during fuel cell operation is another cause of ECSA loss in the 
catalyst layer. Loss of Pt surface area vs. time during fuel cell operation has been 
observed in both the phosphoric acid fuel cell [87-89] and PEMFC operations [9, 
33, 90], An increase in Pt particle size from 2-3 nm up to more than 10 nm during 
durability testing in the catalyst layer has been reported, determined by X-ray 
diffraction [46] or TEM image analysis [9, 33-38, 90]. 

23.4.3.1 Pt Agglomeration in Fuel Cell Performance 

Causes of the increase in Pt particle size have been discussed in the literature [9, 
33-38]. Pt particle size increase could occur through an Ostwald ripening process, 
i.e., platinum dissolution and redeposition under fuel cell operating conditions, 
especially under high potential in the start-up and shut-down processes. It could 
also be caused by coalescence growth of platinum nanoparticles via platinum 
nanocrystallite migration on the carbon support or platinum particle agglomeration 
triggered by corrosion of the carbon support. Figure 23.22 shows particle size 
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distributions of pristine Pt/C powder, cathode catalyst layers for a fresh MEA, and 
an MEA in a 10-cell stack operated for 2500 hours using an advanced automotive 
duty cycle (AADC) [37]. With respect to the irregular shape of the particles, Feret- 
min (F min ) and Feret-max (F max ) were used to describe the particles’ geometrical 
dimensions. Pre-aggregated Pt particles can be seen in the pristine Pt/C powder 
(Figure 23.22(a)). Two or more small Pt particles seem to have been deposited or 
to have grown together at the carbon grain boundaries. The joined part of the 
aggregated particles may not be electrochemically active. The difference between 
F min and F max describes a deviation of the particle from a sphere, which is 
significant in the pristine Pt/C powders. Agglomeration could start from those 
already touched particles, forming a spherical shape with low surface energy 
through the Ostwald ripening or coalescence processes. The Pt nanoparticles have 
very high surface activity. They agglomerate rapidly at first in fuel cell operation, 
resulting in a quick catalyst surface area loss. This was observed in phosphoric acid 
fuel cell operation under static conditions at 191 °C. The surface area ofPt declines 
rapidly from ~60 m 2 /g at the beginning to ~30 m 2 /g during the first 2000 hours and 
then tends to level off to an area of about 20 m 2 /g after 5000 hours until 20,000 
hours [87]. 

Potential cycling significantly accelerates the Pt particle agglomeration process. 
The electrochemical surface area of the cathode catalyst layer decreased from 64.5 
m 2 /g Pt in Pt/C powder to 25.7 m 2 /g Pt in the MEA of 10-cell stacks based on 
Ballard’s Mark9 technology after operation for 2500 hours using an advanced 
automotive duty cycle (AADC) [37]. The Pt particle’s shape is nearly spherical 
(see image in Figure 23.22(c)) after agglomeration. Distributions of the F m j n and 
Fmax have almost the same peak value of ~10 nm. Under a highly accelerated stress 
test, the agglomeration of Pt particles is more rapid. For instance, a potential 
cycling between 0.6 and 1.0 V under H 2 -N 2 at 80 °C and 100% RH leads to a 
reduction of the ECSA of platinum from 63 m 2 /g Pt in the pristine cathode to 40 
m 2 /g Pt after 2000 cycles (~37% of the initial area) in 20 hours and to 23 m 2 /g Pt after 
10,000 cycles in 100 hours (63% of the initial area), as show in Figure 23.23 [33]. 
This reduction in platinum specific area would amount to a minimum cathode 
kinetic voltage loss of 31 mV, approximately 300 LiV'h. In another highly 
accelerated stress test, 1000 cycles from 0.6 V to 1.5 V led to a reduction of ECSA 
in the cathode catalyst layer to 13.6 m 2 /g Pt , approximately 80% of the initial area 
(Table 23.5), which is far below that of the MEA at the end of life in the 2500 h 
AADC durability test. Obviously, the higher the cycling potential, the faster will be 
the reduction in electrochemical surface area. 

Table 23.5 also lists the Pt surface area calculated from TEM and from EPSA 
measurement [37]. The Pt surface area of the fresh MEA catalyst layer is also 
smaller than that of the pristine Pt/C powder. The geometric surface areas of Pt 
particles calculated from TEM images are larger than the electrochemical active 
area (ECA). This discrepancy may in part be due to electrochemical inactivity for 
those Pt particles covered by the ionomer (see Figure 23.22(b)) or embedded in the 
carbon support. 



Catalyst Layer Degradation, Diagnosis and Failure Mitigation 1077 



Feret 

(max) 


Pt trapped in 
the ionomer 


Dimension (nm) 


Figure 23.22. F min and F max distributions of (a) the Pt/C fresh powder, (b) cathode catalyst 
layers for a fresh MEA, and (c) an MEA after durability testing (10-cell stacks based on 
Ballard’s Mark9 technology operated for 2500 hours using an advanced automotive duty 
cycle (AADC), 2,500 hours) [37]. (Reprinted by permission of ECS—The Electrochemical 
Society, from Li J, He P, Wang K, Davis M, Ye S. Characterization of catalyst layer 
structural changes in PEMFC as a function of durability testing.) 
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Table 23.5. Geometric and electrochemical active surface area of Pt in the catalyst layer 
[37]. (Reprinted by permission of ECS—The Electrochemical Society, from Li J, He P, 
Wang K, Davis M, Ye S. Characterization of catalyst layer structural changes in PEMFC as 
a function of durability testing.) 


Samples 

Surface area (m 2 /g Pt) 
from TEM 

Surface area (m 2 /g Pt) 
from EPSA measurement 

Pt/C #1 30% Pt 

82.48 

78.4 

Pt/C #2 50% Pt 

68.55 

64.5 

MEA fresh 

54.17 

37.2 

MEA HAST in air 

32.34 

18.2 

MEA HAST in N 2 

28.34 

17.5 

MEA AADC (2500 h) 

31.17 

25.7 

MEA AST 0.6-OCV cycling 

21.13 

13.6 



Figure 23.23. Platinum surface area of the cathode with TKK 46 wt% Pt/Vulcan catalyst 
over 10,000 potential cycles at 20 mV/s in the voltage range 0.6-1.0 V at 80 °C under 
humidified H 2 -N 2 (anode-cathode) [33], (Reprinted by permission of ECS—The 
Electrochemical Society, from Ferreira PJ, la O’ GJ, Shao-Horn Y, Morgan D, Makharia R, 
Kocha S, Gasteiger HA. Instability of Pt/C electrocatalysts in proton exchange membrane 
fuel cells.) 

23.4.3.2 Pt Distribution Changes in Catalyst Layer in Fuel Cell Performance 
Pt dissolution, redeposition, and agglomeration cause Pt to be redistributed in the 
catalyst layer. The redistribution of Pt concentration and particle size in the 
cathode catalyst layer has been observed using TEM after both the durability test 
and the highly accelerated stress test. Figures 23.24 and 23.25 show the 
redistribution of particle size and concentration of Pt in the cathode catalyst layer. 





Catalyst Layer Degradation, Diagnosis and Failure Mitigation 1079 


The concentration of Pt in the catalyst layer is lower in the area near the 
catalyst/membrane interface. This may be caused by Pt dissolution and migration 
into the membrane (see discussion in 23.4.2). After 52,000 cycles (0.6 V-OCV) of 
voltage cycling, a Pt depletion layer approximately 3 pm in width formed in the 
cathode catalyst layer near the catalyst/membrane interface (Figure 23.25). Most of 
the Pt in this layer migrated into the membrane or was washed out due to Pt 
dissolving at high potential. This phenomenon was observed in the sample from 
HAST voltage cycling test with cathode air flowing. There was no depletion layer 
in the sample with N 2 flowing in the cathode. High oxygen potential and current 
flow may accelerate the dissolution and transportation of the Pt from the catalyst 
layer into the membrane. 


<u 
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Figure 23.24. Pt particle size distribution in the cathode catalyst layer after HAST [37]. 
(Reprinted by permission of ECS—The Electrochemical Society, from Li J, He P, Wang K, 
Davis M, Ye S. Characterization of catalyst layer structural changes in PEMFC as a function 
of durability testing.) 

Another interesting fact is that the mean value of the particle size decreases 
from the sublayer/catalyst interface to the catalyst/membrane interface in the 
HAST voltage cycling test with air flowing in the cathode, as shown in Figure 
23.24. In considering the mechanisms of Pt agglomeration and migration, Pt 
migration into the membrane is possible by dissolution at high potential and 
formation of a Pt species, followed by chemical reduction by H 2 and redeposition 
in the membrane. If the transport rate of Pt near the catalyst/membrane interface is 
faster than the rate of Pt redeposition in that area under high oxygen potential, Pt 
could have small particles and low concentration in the catalyst layer/membrane 
interface. The worst case observed was formation of a depletion layer (Figure 
23.25). When per-fluorosulfonated ionomer was in the catalyst layer and 
membrane, fluoride ion (F ) was also detected in the outlet due to ionomer 
degradation [90], In the presence of halide ions in the electrolyte, the Pt dissolution 
potential becomes more negative. A water-soluble complex ion (PtFjz- may form 
in the presence of fluorine, accelerating Pt dissolution. In this case, high ionomer 
concentration near the membrane/catalyst interface may cause the formation of a Pt 
depletion layer. However, the opposite result was observed in a phosphoric acid 
fuel cell durability test [89]. The Pt particles in a cathode near an electrolyte matrix 
are larger than the others. The average Pt particle size was 11.7 nm at the GDL 
(Baking paper) side, 8.2 nm at the center and 7.7 nm near the membrane/cathode 
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interface in a PEMFC accelerated cycling test. It is not clear whether this 
difference is due to a difference in the fuel cell system or a difference in operating 
conditions. Similarly, large Pt particles accumulating at the cathode catalyst layer 
and membrane interface are observed in the potential cycling test with H 2 -N 2 rather 
than H 2 -0 2 flowing through the anode and cathode. Therefore, different accelerate 
stress test conditions could lead to different failure mechanisms. We require more 
fundamental studies to understand the failure mechanisms. Proper selection of AST 
modes to predict fuel cell lifetime should not be overlooked. 




Figure 23.25. (a) Pt concentration distribution after HAST and AADC durability test, (b) 
STEM images of the cathode catalyst layer after 52,000 voltage cycles 90.6-OCV). Note the 
region between the two green lines is the Pt depletion layer. Close-up TEM images in (c) 
and (d) represent the area of the catalyst layer outside the Pt depletion layer and in the 
depletion layer, respectively [37]. (Reprinted by permission of ECS—The Electrochemical 
Society, from Li J, He P, Wang K, Davis M, Ye S. Characterization of catalyst layer 
structural changes in PEMFC as a function of durability testing.) 

23.4.4 Carbon Corrosion of Catalyst Layer 

Catalyst carbon support is thermodynamically unstable at PEMFC operating 
conditions. Carbon corrosion can result in degradation of the catalyst layer. 
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Electrochemical corrosion of carbon material in aqueous acid electrolytes could 
follow the reaction: 

C + 2 H 2 0 = C0 2 + 4H + + 4e~ E°= 0.207 V (23.36) 

This reaction is thermodynamically allowable at the potentials at which the fuel 
cell cathode operates, but it is believed to be almost negligibly slow in that 
potential range at PEMFC operation temperatures (< 100 °C). However, PEFCs in 
automotive applications undergo an estimated 30,000 startup-shutdown cycles over 
the life of a vehicle. After an unprotected fuel cell shutdown, there will be 
unreacted air and hydrogen at the cathode and anode, respectively. If the anode 
exhaust port is not closed after shutdown, air will diffuse into the anode side, 
creating an air/H 2 boundary. If the stack has been shut down and the anode is filled 
with air, the H 2 /air boundary will be created when hydrogen flows into the anode in 
the startup process. In such startup-shutdown cycles, H 2 /air fronts in the anode 
compartment could cause local fuel starvation. In this situation, a high potential of 
up to ~1.2 to 1.5 V is established in the fuel starvation regions and a reverse 
current flows internally in the electrodes through the fuel-rich and fuel-starvation 
regions [91-93], as shown in Figure 23.26; the red line is the anode polarization 
curve. When fuel starvation occurs, the hydrogen potential shifts positively. Since 
fuel starvation happens locally, that part of the cell not experiencing starvation still 
runs normally. The normal and abnormal cell parts are electronically connected 
through the conductive plates. Thus, the cell voltages of these two parts should be 
very close to one another. From Figure 23.26 we can see that in order to keep the 
cell voltage (the potential difference) the same as in the normal cell part, the 
potentials of the abnormal part shift to the high positions at both anode and 
cathode. In this position, the cathode reaction is actually an oxidation reaction 
rather than an oxygen reduction reaction. In a very severe fuel starvation case, 
carbon corrosion and water hydrolysis reactions can concurrently occur. The 
abnormal part of the cell is no longer a spontaneous electrochemical cell, but an 
electrolysis cell driven by the normal part of the cell. 

Carbon corrosion of the catalyst layer in the PEMFC can be monitored through 
determining the C0 2 gas emitted from the stack [14, 94-96]. Figure 23.27 shows a 
typical trend of cell voltage and carbon dioxide concentration in cathode exhaust 
under cycling of OCV, loading, and cathode nitrogen purge processes. C0 2 gas 
generates immediately when the stack is switched from cathode nitrogen purge to 
OCV operation [94]. Carbon corrosion of the catalyst layer can also be observed 
directly using SEM [37, 93]. After the carbon corrodes, the catalyst layer becomes 
thinner. Cathode catalyst layer thinning of 50% at a highly corroded region was 
observed in 220 cycles of potential cycling from 0.6 to 1.0 V, as shown in Figure 
23.28 [37]. 
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Figure 23.26. A schematic illustration of reactions in four distinct regions when an air/fuel 
boundary is formed at the anode. Region D experiences a potential about twice that of the 
OCV, and thus carbon in that region would be corroded quickly. 
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Figure 23.27. Typical trend of cell voltage and carbon dioxide concentration in cathode 
exhaust at the beginning of the OCV step [94], (Reprinted by permission of ECS—The 
Electrochemical Society, from Chizawa H, Ogami Y, Naka H, Matsunaga A, Aoki N, Aoki 
T. Study of accelerated test protocol for PEFC focusing on carbon corrosion.) 
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Figure 23.28. SEM image of cross-sections of the cathode catalyst layer with high surface 
area carbon support: left, after 220 cycles of voltage cycling from 0.6 V-OCV, and right, a 
fresh MEA [37]. (Reprinted by permission of ECS—The Electrochemical Society, from Li 
J, He P, Wang K, Davis M, Ye S. Characterization of catalyst layer structural changes in 
PEMFC as a function of durability testing.) 

The corrosion rate of carbon can be accelerated in the presence of Pt on the 
carbon surface. Oxidation of carbon in the presence of Pt could be accelerated by 
the following radical reactions [96]: 
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Jarvi et al. [97] demonstrated that the rate of CO 2 emission from a Pt/C 
electrode was higher than from a carbon-only electrode at high potentials, 
measured by on-line mass spectrometry in a CV experiment, as shown in Figure 
23.29. The magnitude of the C0 2 peaks with respect to the cell potential depended 
on the Pt mass fraction in the electrode. The C0 2 generation rate increased in the 
order of 0% Pt < 10% Pt < 39% Pt in the electrodes. However, Ball et al. argue that 
the presence of Pt in the support carbon does not significantly change the amount 
of carbon corroded during a 24-h steady state hold at 80 °C, 1.2 V RH e in 1 M 
H 2 SC> 4 . The carbon corrosion rate is dominated by the type of carbon rather than 
the presence of Pt. Although different opinions are held on the role of Pt in carbon 
corrosion, a consistent view is that high surface area carbon is less stable than heat- 
treated or graphitized carbon that generally has a low surface area [95, 96]. 



Potential / V RHE 

Figure 23.29. Comparison of C0 2 mass spectra profiles for MEAs with (a) Vulcan-coated 
gas-diffusion layer pressed against the Nafion 117 membrane, (b) 0% Pt (Vulcan only) on 
Nafion 112, (c) 10 % Pt/C on Nafion 112, and (d) 39% Pt/C on Nafion 112. The 
electrochemical cycles were performed at 2 mV/s, 50 °C, with research-grade He on the 
cathode (50 cm 3 /min) and dilute H 2 ~4% H 2 /N 2 ) on the anode (500 cm 3 /min), passed through 
the saturators at 50 °C. The mass spectra were converted by a known 1% C0 2 calibration 
gas and then converted into a Faradaic current of C0 2 [97]. (Reprinted by permission of 
ECS—The Electrochemical Society, from Roen, LM, Paik CH, Jarvi TD. Electrocatalytic 
corrosion of carbon support in PEMFC cathodes.) 

In acid electrolytes, the mechanism of electrochemical carbon corrosion is 
generally thought to proceed via a three-step process involving a 4-electron 
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oxidation reaction [95, 97]. The redox couples on carbons are associated with 
quinone and hydroquinone structures [95, 96, 98-100]. The carbon is oxidized in 
Step 1 (Equation 23.42) to allow the formation of oxidized carbon intermediates by 
2-electron partial oxidation in Step 2 (Equation 23.43), or through the radical 
reaction in Equation 23.41: 

C S -*C S + + e" (23.42) 

C s + 1/2 H 2 0->C s 0 + H + (23.43) 

The final step of the corrosion process (Step 3) is the formation of carbon dioxide. 

2C s O+H 2 0—>C s O+ C0 2 +2H + +2e" (23.44) 



Figure 23.30. Comparison of the cumulative carbon corrosion following a 24-h 1.2 V 
potentiostatic hold at 80 °C in 1 M H 2 SO 4 for two commercial carbons C01, C02 and one 
heat-treated carbon C03, and platinum and Pt/Co alloy catalysts on these carbons [95], 
(Reprinted from Journal of Power Sources, 166(1), Prasanna M, Cho EA, Kim H-J, Oh I-H, 
Lim T-H, Hong S-A, Perfonnance of proton-exchange membrane fuel cells using the 
catalyst-gradient electrode technique, 18-25, ©2007, with permission from Elsevier.) 

The presence of electroactive species on a wide variety of carbons can be 
determined using cyclic voltammetry. A summary of some of these results is given 
in Table 23.6 [98]. However, quantitative determination of surface functional 
groups seems to be difficult [99], although a classification of those surface groups 
has been attempted by XPS and FTIR. 
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Table 23.6. Electrochemically active species oil carbon and aromatic compounds [98], 
(Reprinted from Carbon, 11(4), Kinoshita K, Bett JAS, Potentiodynamic analysis of surface 
oxides on carbon blacks, 403-11, ©1973, with permission from Elsevier.) 


System 

Redox potential (mv) 

Surface group 

Chloranil/graphite in 3N H 2 SO 4 

668 (NHE) 

quinone/hydroquinone 

Anthraquinoid dyes in cont. H 2 SO 4 

450-650 (Fe 2 + /Fe 3+ ) 

quinone reduction 

ISAF furnace black in 0.1 M 
NaNCT, dimethylfonnamide 

966 (S.C.E.) 

hydroquinone oxidation 

Pyrolytic carbon in 1 M H 2 S0 4 

1300-1700 (S.C.E.) 

hydroquinone oxidation 


0-400 (S.C.E.) 

quinone/hydroquinone 

Carbon fibers in tetra-N-butyl 
ammonium; Chlorate in DMF 

-2100 (S.C.E.) 

reduction of carbonyl or 
aromatic heterocycles 

Pyrographite in 1 N H 2 S0 4 

600 (NHE?) 

oxygen adsorption and 
desorption 


Corrosion of the cathode catalyst support carbon deprives the catalyst of its 
support. The small catalyst particles collapse and agglomerate into large ones, 
consequently losing surface area. The catalyst particles, after losing their support, 
are disconnected from the electric network originally available through the carbon 
support, resulting in deactivation of the oxygen reduction reaction due to loss of 
the electron pathway. In addition, the porous structure of the catalyst layer can be 
destroyed if the support carbon is severely corroded, as shown in Figure 23.28 
[37]. This will raise the mass transport loss significantly due to blockage of gas 
access paths and ohmic loss arising from an increase in electric resistance after the 
conductive carbon corrodes. Figure 23.31 [14] shows the impact of accelerated 
carbon support corrosion on the polarization curves of 50 cm' MEAs with both a 
50% Pt/C s tandard and a 30 wt% Pt alloy/Ccorr.-resist. cathode catalyst. With a standard 
carbon support in the cathode catalyst layer, the MEA performance declines 
rapidly over time; significant ohmic and mass transfer losses can be seen from 
those TV curves. However, with corrosion resistance of the carbon support in the 
cathode catalyst layer, the MEA performance (TV curve) after 100 hours of an 
accelerated corrosion test is almost the same as the performance at the beginning of 
the test. 

Developing novel catalyst support materials is essential to mitigate catalyst 
degradation. Carbon has many advantages over other materials. The physical and 
chemical properties can be tailored by changing the types of carbon. Highly 
graphitized carbon is more chemically stable than high surface area amorphous 
carbon and has high electric conductivity as well. However, the surface area of 
highly graphitized carbon is lower and yields a low catalyst layer ECA. Selecting 
the type of carbon support may require balancing durability and performance. 
Carbon nanotubes (CNTs) and nanofibers (CNFs) are nanoscale carbon cylinders 
of rolled up graphene sheets (in CNTs) or aligned graphene slices (in CNFs). CNTs 
and CNFs [101-106] deposited with Pt or Pt-Ru alloys as electrocatalysis 
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electrodes for fuel cell applications have been investigated. Although CNTs are 
shown to be more oxidation resistant than carbon black, the improvement may not 
be sufficient to provide the necessary benefits for commercialization, in light of the 
high cost of this material. Using metal oxides or carbides as catalyst supports for 
fuel cell applications is still in the early research stages. Ebonex, a mixed valence 
TiO x material, is a commercial conductive substance, but fuel cell performance 
using Pt/TiO x as a catalyst is lower than that with a Pt/C catalyst. Although other 
efforts are being made to find alternatives to carbon supports, no successful 
materials have yet been reported. 



Figure 23.31. Impact of accelerated carbon support corrosion oil the E/I performance curves 
of 50 cm 2 MEAs with both a =50% Pt/C stall d a rd and a =30 wt% Pt alloy/C cor r.-resist, cathode 
catalyst. MEA cathodes were subjected to accelerated carbon support corrosion at 1.2 V and 
80 °C for the indicated times, using hilly humidified FL/Nt gas streams (anode/cathode). 
H 2 /air (stoichiometric flows of s = 3/3) perfonnance curves were recorded at 80 °C, 50% 
RH, and 150 kPa a b s (MEAs with =25 pm membranes, catalyst loadings of 0.2-0.4 
mgPt/cm 2 ) [14], (Reprinted by permission of ECS—The Electrochemical Society, from 
Mathias MF, Makharia R, Gasteiger HT, Conley JJ, Fuller TJ, Gittleman CJ, et al. Two fuel 
cell cars in every garage?) 


23.5 Summary 

Durability is one of the major remaining barriers to commercialization of fuel cells. 
In order to achieve good long-term performance, it is necessary for all of the 
components to maintain their integrity. Therefore, materials selection, MEA and 
stack fabrication, and system configuration are critical when designing fuel cells. 
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The electrical, chemical, physical, and mechanical properties of the components 
need to be tailored to reach an optimum state in terms of performance, cost, and 
durability. Developing electrocatalysts to achieve the US Department of Energy 
(DOE) technical targets (see Table 23.7) for transportation applications requires a 
breakthrough in novel material development and structure design. Catalyst layer 
degradation impacts significantly on the durability of the fuel cell. With respect to 
cost reduction, researchers are seeking electrocatalyst electrodes with as low noble 
metal loading as possible; for instance, the DOE suggests a total loading (anode 
loading + cathode loading) of 0.2 mg/cm 2 by 2015. Achieving the durability target 
at such low loading is much more challenging. More emphasis should be put on 
fundamental understanding of the catalyst degradation mechanism and on 
developing strategies and solutions to mitigate degradation. 


Table 23.7. Technical targets: electrocatalysts for transportation applications [106], 
(Reproduced from United States Department of Energy. Technical Plan - Fuel Cells. 2007. 
With permission from DOE.) 


Characteristic 

Units 

2005 Status 

Stack Targets 



Cell 

Stack 

2010 

2015 

Platinum group metal total 
content (both electrodes) 

g/kW (rated) 

0.6 

1.1 

0.3 

0.2 

Platinum group metal (PGM) 
total loading 

mg PGM/cnr 
electrode area 

0.45 

0.8 

0.3 

0.2 

Cost 

$/kW 

9 

55 

5 

3 

Durability with cycling 

hours 

>2000 

-2000 

5000 

5000 

Operating temp < 80 °C 

Operating temp > 80 °C 

hours 

N/A 

N/A 

2000 

5000 

Electrochemical area loss 

% 

90 

90 

<40 

<40 

Electrocatalyst support loss 

mV after 100 
hours @ 1.2 V 

>30 

N/A 

<30 

<30 

Mass activity 

A/mg Pt @ 900 
mV/R-free 

0.28 

0.11 

0.44 

0.44 

Specific activity 

pA/cm 2 @ 900 
mV/R-free 

550 

180 

720 

720 

Non-Pt catalyst activity per 
volume of supported catalyst 

A/cm 3 @ 800 
mV/R-free 

8 

N/A 

> 130 

300 
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AACVD 

aerosol-assisted CVD 

AADC 

advanced automotive duty cycle 

AAM 

anodic alumina membrane 

AAO 

anodic aluminum oxide 

AC 

alternating current 

acac 

acetylacetonate 

ACF 

activated carbon fiber 

ACL 

anode catalyst layer 

ADF 

Amsterdam Density Functional 

ADT 

accelerated degradation test or accelerated durability test 

AEMFC 

anion exchange membrane fuel cell 

AES 

auger electron spectroscopy 

AFC 

alkaline fuel cell 

AFM 

atomic force microscopy 

AIMD 

ab initio molecular dynamics method 

AO process 

anthraquinone process 

AST 

accelerated stress test 

BET 

Brunnauer, Emmett, and Teller 

BOL 

beginning-of-life 

CAS 

Chemical Abstracts Service 

CCDL 

catalyst coated diffusion layer 

CCL 

cathode catalyst layer 

CCM 

catalyst coated membrane 

CCS 

catalyst coated substrate 

CCVD 

combustion chemical vapor deposition 

CDM 

catalyzed diffusion media 

CE 

counter electrode 

CF 3 PPC 0 

Co-trifluoromethylphenylporphyrin 

CFD 

computational fluid dynamics 

CGMD 

coarse-grained molecular dynamics 

CG-MS 

coarse-grained molecular simulation 

CL 

catalyst layer 
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CMPsf 

chloromethylated polysulfone 

CNF 

carbon nanofiber 

CNT 

carbon nanotube 

CNWS 

carbon-Nafion-water-solvent 

CoNPc 

Co-naphthalocyanine 

CoPPy 

Co-polypyrrole 

CoTAA 

Co-tetraazaannulene 

CoTMPyP 

[tetrakis(A r -methylpyridyl)porphyrinato]cobalt 

CoTSP 

Co(II) tetrasulfonatephthalocyanine 

Co-WC 

cobalt-cemented tungsten carbide 

CPE 

constant phase element 

CRYO-FESEM 

field emission scanning electron microscope with cryogenic 
stage and sample preparation unit 

CV 

cyclic voltammetry 

CVD 

chemical vapour deposition 

DAFC 

direct alcohol fuel cell 

DC 

direct current 

DEFC 

direct ethanol fuel cell 

DEMS 

differential electrochemical mass spectroscopy 

DFAFC 

direct formic acid fuel cell 

DFT 

density functional theory 

DHDBTAA 

dihydrodibenzotetraazaannulene 

DHE 

dynamic hydrogen electrode 

DHP 

dihexadecyl hydrogen phosphate 

DLFC 

direct liquid fuel cell 

DMAc 

dimethylacetic acid 

DMF 

N,N-dimethylformamide 

DMFC 

direct methanol fuel cell 

DOE 

United States Department of Energy 

DOS 

density of state 

DSA 

dimensionally stable anode 

DSC 

differential scanning calorimetry 

DSS 

daily start and stop 

DTA 

differential thermal analysis 

DTG 

derivative thermal gravimetry 

EA 

electron affinity 

EAA 

electrochemically active area 

EAM 

embedded atom method 

EAS 

electrochemically active surface 

EASA or ECSA 

electrochemical active surface area 

EC 

equivalent circuit 

ECA 

electrochemical area 

ECC 

electrochemical catalyzation 

EC-NMR 

electrochemical nuclear magnetic resonance 

ED 

electron diffraction 

EDS 

energy dispersive spectroscopy 

EDX 

energy dispersive X-ray analysis 
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EELS 

electron energy loss spectroscopy 

EG 

ethylene glycol solution 

EIS 

electrochemical impedance spectroscopy 

EMIS 

electrochemically modulated infrared spectroscopy 

EMS 

electrochemical mass spectroscopy 

EOL 

end-of-life 

EPD 

electrophoretic deposition 

EPMA 

electron probe micro-analysis 

EPSA 

electrode Pt surface area 

ESCA 

electron spectroscopy for chemical analysis 

EXAFS 

extended X-ray absoiption fine structure 

FAM 

flooded-agglomerate model 

FC 

fuel cell 

FCCVD 

floating catalyst CVD 

f-CNF 

fishbone or herringbone CNF 

FCV 

fuel cell vehicle 

Fe m TPFPP 

5,10,15,20-Tetrakis (pentafluorophenyl)-21H,23H-porphine 
iron (III) 

FEP 

fluorinated ethylene propylene 

FePPIX 

Fe protoporphyrin IX 

FESEM 
or FE-SEM 

field emission scanning electron microscopy 

FeTPP 

Fe meso-tetraphenylporphine 

FeTPyP 

Fe meso-tetra(3-pyridyl)porphine 

FF 

flow field 

FRA 

frequency response analyzer 

FTIR 

Fourier transform infrared spectroscopy 

FWHM 

full width at half maximum 

GC 

glassy carbon 

GCNF 

graphitic carbon nanofibers 

GDE 

gas diffusion electrode 

GDL 

gas diffusion layer 

GGA 

generalized gradient approximation 

GMPL 

graded porosity micro-porous layer 

HER 

hydrogen evolution reaction 

HEV 

hydrogen evolution reaction 

HHV 

higher heating value 

HOPG 

highly ordered pyrolytic graphite 

HOR 

hydrogen oxidation reaction 

HR-EDS 

high-spatial-resolution energy dispersive spectroscopy 

HR-TEM 

high-resolution transmission electron microscope 

HT-PEMFC 

high-temperature PEM fuel cell 

HWP 

half-wave potential 

IB AD 

ion-beam assisted deposition 

ICE 

internal combustion engine 

ICMEA 

integrated composite membrane electrode assembly 

ICP-MS 

inductively coupled plasma mass spectrometry 
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ICV 

isothermal constant voltage 

IMI 

intermittent microwave irradiation 

IP 

ionization potential 

IRRAS 

infrared reflection-absorption spectroscopy 

LANL 

Los Alamos National Laboratory 

LDA 

local density approximation 

LDOS 

local density of states 

LHV 

lower heating value 

LJ 

Lennard-Jones potential 

LSV 

lineal sweep voltammetry 

LT-PEMFC 

low-temperature PEM fuel cell 

MBE 

molecular beam epitaxial 

MCFC 

molten carbonate fuel cell 

MD 

molecular dynamic 

MEA 

membrane electrode assembly 

MeTAA 

metal dibenzo-tetra-aza-annulene 

MeTMPP 

metal tetramethoxy porphyrin 

MeTPP 

metal tetraphenyl porphyrin 

MOR 

methanol oxidation reaction 

MPL 

micro-porous layer 

MPS 

molecular precursor state 

M-RDE 

multi-rotating disk electrode 

MS-CG 

multi-scale coarse graining 

MSE 

mercury/mercurous sulfate reference electrode 

M-SWCNT 

metallic SWCNT 

MWCNT 

multiwalled carbon nanotube 

MWNT 

multi-wall nanohibes 

Na(AOT) 

sodium 2 bis (2-ethylhexyl)sulfosuccinate 

NAAQS 

US National Ambient Air Quality Standards 

Nafion 

a perfluorinated sulfonic acid ionomer manufactured by DuPont 

N-CNT 

nitrogen-containing CNT or nitrogen-doped CNT 

NEXAFS 

near-edge X-ray absorption fine structure spectroscopy 

NHE 

normal hydrogen electrode 

NMR 

nuclear magnetic resonance 

NRC-IFCI 

National Research Council of Canada Institute for Fuel Cell 
Innovation 

NS 

nanostructure 

NSTF 

nanostmctured thin film 

NW 

nanowire 

ocv 

open circuit voltage 

OMC 

ordered mesoporous carbon 

OPD 

overpotential deposition 

ORR 

oxygen reduction reaction 

PAFC 

phosphoric acid fuel cell 

PAN or pan 

polyacrylonitrile 

PAni 

polyaniline 

PA-PBI 

phosphoric acid-doped polybenzimidazole 
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PBI 

polybenzoimidazole 

PC A 

process control agent 

PCFC 

protonic ceramic fuel cell 

PECVD 

plasma-enhanced CVD 

PEFC 

polymer electrolyte fuel cell 

PEG 

polyethylene glycol 

PEM 

proton exchange membrane or polymer electrolyte membrane 

PEMFC 

polymer electrolyte membrane fuel cell or proton exchange 
membrane fuel cell 

PFSA 

perfluorosulfonate (or perfluorosulfonic) acid 

PFSI 

perfluorosulfonated ionomer or perfluorosulfonimide 

PGM 

platinum group metal 

PIXE 

proton-induced X-ray emission 

PMoA 

phosphomolybdic acid 

PNP 

Poisson-Nernst-Planck 

POMC 

phenanthrene ordered mesoporous carbon 

ppm 

parts per million 

Ppy 

poly pyrrole 

PR 

perylene red 

PROX 

catalytic preferential oxidation 

PRR 

proton reduction reaction 

PS 

polystyrene spheres 

PSD 

pore size distribution 

PTCDA 

perylene tetracarboxylic dianhydride 

PTFE 

polytetrafluoroethylene 

PVD 

physical vapour deposition 

PVDF 

polyvinylidene fluoride 

PZC 

point of zero charge 

RDE 

rotating disk electrode 

RDF 

radial distribution function 

rds 

rate determining step 

RE 

reference electrode 

REV 

representative elementary volume element 

RE WO 

REWOTERIC B14 

RH 

relative humidity 

RHE 

reversible hydrogen electrode 

RRDE 

rotating ring disk electrode 

RSDT 

reactive spray deposition technology/technique 

RVC 

reticulated vitreous carbon 

RWGS 

reverse water gas shift 

RWGSR 

reverse water gas shift reaction 

SAED 

selected area electron diffraction 

SB12 

surfactant 3 -( N, N -dimethy ldodecy lammonio) propanesulfonate 

SC 

Sutton-Chen potential 

SCE 

saturated calomel reference electrode 

SDEMS 

scanning differential electrochemical mass spectrometry 

SDF-F 

sulfonated poly (fluorinated arylene ether)s 
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SECM 

scanning electrochemical microscopy 

SEI 

secondary electron imaging 

SEM 

scanning electron microscope 

SERS 

surface-enhanced Raman spectroscopy 

SHE 

standard hydrogen reference electrode 

SL 

substrate layer 

slpm 

standard liter per minute 

SMR 

stream methane reforming 

SOFC 

solid oxide fuel cell 

SOMC 

sucrose ordered mesoporous carbon 

SPC 

single point charge 

SPE 

solid polymer electrolyte 

SPEEK 

sulfonated poly(ether ether ketone) 

SSCE 

saturated silver/silver chloride reference electrode 

S-SWCNT 

semiconducting SWCNT 

STM 

scanning tunnelling microscopy 

SWCNT 

singlewalled carbon nanotube 

SWNH 

singlewalled carbon nanohom 

SWNT 

singlewall nanotubes 

TAA 

dibenzotetraazaannulene 

TBA 

tetrabutylammonium 

TcPc 

tetracarboxyphthalocyanine 

TC-SG 

tip collection-sample generation 

TEM 

transmission electron microscope 

TFE 

Tetrafluoroethylene 

TF-RDE 

thin-film rotating disk electrode 

TG 

thermogravimetry 

TGA 

thermogravimetric analysis 

TG-MS 

thermogravimetry-mass spectrometry 

TG-SC 

tip generation-sample collection 

THF 

tetrahydrofuran 

TMA 

trimethylamine 

TMA 

thermomechanical analysis 

TMAOH 

tetramethylammoniumhydroxide 

TMEDA 

tetramethylethylenediamine 

TMMDA 

tetramethylmethanediamine 

TMPP 

tetramethoxyphenylporphyrin 

TOF-SIMS 

time-of-flight secondary ion mass spectroscopy 

TPD 

temperature programmed desorption 

TpOCHjPPCo 

Co-tetramethoxyphenylporphyrin 

TPP 

tetraphenylporphyrin 

TPR 

temperature programmed reduction 

TS 

transition state 

TSP 

tetrasulphophthalocyanine 

TW 

terawatt 

UGF 

uncompressed graphite felt 

UHV 

ultra-high vacuum 
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UME 

ultramicroelectrode 

UPD 

underpotential deposition 

UPS 

uninterruptible power supply 

UVPS 

UV-induced photoelectron spectroscopy 

USP 

ultrasonic spray pyrolysis 

UV-VIS 

ultraviolet-visible 

VLS 

vapor-liquid-solid 

VOC 

volatile organic species 

VRE 

voltage reversal effect 

VS 

vapor-solid 

WC 

tungsten carbide 

WGS 

water-gas shift 

XANES 

X-ray absoiption near edge structure 

XAS 

X-ray absoiption spectroscopy 

XPS 

X-ray photoelectron spectroscopy 

XRD 

x-ray diffraction 

XRE 

X-ray emission 

XRF 

X-ray fluorescence 

YSZ 

yttria-stabilized zirconia 

ZrP 

zirconyl chloride and phosphoric acid 
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Colin Oloman. After completing his Ph.D., he worked in industrial R&D as a 
Senior Consultant for Electrochemical Processes at BC Research Inc. (presently 
incorporated in Cantest Ltd.). In this capacity Dr. Gyenge was instrumental in 
developing patented technologies in the area of lead-acid batteries, metal-air fuel 
cells, and zinc electrowinning. As a professor at the University of British 
Columbia, he conducts a dynamic group of graduate students and postdoctoral 
fellows, carrying out research in the area of electrocatalysis, interfacial 
phenomena, and electrochemical engineering, with emphases on electrochemical 
power sources (direct methanol, ethanol, formic acid, and borohydride fuel cells) 
and electrosynthesis. These activities have been reported in many refereed journal 
publications, conference proceedings, and invention disclosures. In addition to 
research. Dr. Gyenge teaches both senior undergraduate and graduate-level courses 
on fuel cells and electrochemical engineering. He is a member of the 
Electrochemical Society, the International Society of Electrochemistry, the 
American Chemical Society, and the Canadian Society of Chemical Engineering, a 
joint member of the American Institute of Chemical Engineering, and a foreign 
member-at-large of the General Assembly of the Hungarian Academy of Sciences. 
Dr. Gyenge dedicates the Chapter “Electrocatalytic Oxidation of Methanol, 
Ethanol, and Formic Acid” to the memory of Prof. Dr. Doc. Liviu Oniciu 
(University Babes-Bolyai, Cluj-Napoca, Romania), who introduced him to 
electrochemistry and encouraged him from early on to pursue research in this field. 

Helga Halvorsen is a Ph.D. candidate at the University of Ottawa, Canada. Under 
the supervision of Dr. Barry MacDougall, her thesis work focuses on the 
development of Pt nanocatalyst systems. Helga received her M.Sc. from the 
University of Western Ontario while studying coupled diffusion in surfactant 
solutions. She is the recipient of an Ontario Graduate Student Scholarship, in 
addition to several local awards for academic and research excellence. 

Dr. Shiqiang (Rob) Hui is a Senior Research Officer and Acting Group Leader for 
High-Temperature Fuel Cells at the National Research Council of Canada Institute 
for Fuel Cell Innovation. He is an adjunct professor at the University of British 
Columbia, Canada and at three other major universities in China. Dr. Hui received 
his Ph.D. in Materials Science and Engineering at McMaster University in 2000. 
He has conducted research and development for materials, processing, and 
characterization for more than twenty years. Dr. Hui has worked on various 
projects, including chemical sensors, solid oxide fuel cells, magnetic materials, gas 
separation membranes, nanostructured materials, thin film fabrication, and 
protective coatings for metals. He has led or been involved in over thirty national 
and international projects funded by government or industry in China, the USA, 
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and Canada. Dr. Hui is an active member of The Electrochemical Society and has 
more than eighty research publications. 

Dr. Kunchan Lee is a Research Associate at the National Research Council of 
Canada Institute for Fuel Cell Innovation (NRC-IFCI). Dr. Lee received his B.S. 
and M.Sc. from Pukyung National University in 1997 and 1999, respectively, and 
his Ph.D. in Materials Science and Engineering from Yokohama National 
University in 2004 under the supervision of Professor Ken-ichiro Ota. After 
completing his Ph.D., he carried out postdoctoral research at Yokohama National 
University as a researcher for Japan Science and Technology Agency (JST) with 
Professor Ken-ichiro Ota, and then at NRC-IFCI as a postdoctoral fellow of the 
Natural Sciences and Engineering Research Council of Canada (NSERC) with Dr. 
Jiujun Zhang. He has over seven years of research and development experience in 
material science and electrochemistry, including electrocatalysts and polymer 
membranes for PEM fuel cells. Currently, he has been conducting research on the 
development and evaluation of new non-noble electrocatalysts such as carbides, 
nitrides, chalcogenides, and macrocycles for PEM fuel cells. Dr. Lee has co¬ 
authored more than twenty refereed research papers and holds one Japan patent. 

Dr. Baitao Li received her Ph.D. in Applied Chemistry from the University of 
Tokyo, Japan in 2003, under the supervision of Professor Fujimoto Kaoru; her 
dissertation focused on the synthesis of oxygenates from middle olefin in 
heterogeneous systems. In the same year, she commenced post-doctoral work in 
the laboratory of Dr. Tomishige Keiichi at the University of Tsukuba, Japan, where 
she worked on syngas production from methane reformation. She currently is at the 
Department of Chemistiy and Chemical Engineering, South China University of 
Technology, in Guangzhou, China. She has published many papers in the Journal 
of Catalysis, Catalysis Today, Applied Catalysis, etc. Her research interests lie in 
synthesis and applications of catalytic materials, and the evaluation of catalytic 
reaction mechanisms by computational chemistiy. 

Dr. Hui Li is a Research Associate and PEMFC Contamination Consortium 
project leader at the National Research Council of Canada Institute for Fuel Cell 
Innovation (NRC-IFCI). Dr. Li received her B.S. and M.Sc. in Chemical 
Engineering from Tsinghu University in 1987 and 1990, respectively, under the 
supervision of Professor Jingshan Tong. After completing her M.Sc., she joined 
Kunming Metallurgical Institute as a research engineer for four years and then took 
a position as an associate professor at Sunwen University (then a branch of 
Zhongshan University) for eight years. In 2002, she started her Ph.D. program in 
Electrochemical Engineering at the University of British Columbia under the 
supervision of Professor Colin Oloman. After obtaining her Ph.D. in 2006, she 
carried out one term of postdoctoral research at the Clean Energy Research Centre 
(CERC) at the University of British Columbia with Professor Colin Oloman and 
Professor David Wilkinson. In 2007, she joined the Low-temperature PEMFC 
Group at NRC-IFCI, under the supervision of Dr. Jiujun Zhang. Dr. Li has years of 
research and development experience in theoretical and applied electrochemistry 
and in electrochemical engineering. Her research is based on PEMFC 
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contamination testing and contamination mitigation; preparation and development 
of electrochemical catalysts with long-term stability; catalyst layer/cathode 
structure; and catalyst layer characterization and electrochemical evaluation. Dr. Li 
has co-authored more than fifteen research papers published in refereed journals 
and has one technology licensed to the Mantra Energy Group. She has also 
produced many industrial technical reports. 

Dr. Jing Li is a senior R&D materials scientist in Automotive Fuel Cell 
Cooperation (AFCC). Dr. Jing Li received his Ph.D. in Physical Chemistiy of 
Metallurgy and Materials at the Central South University of Technology, China. 
Fie held the positions of assistant professor and professor at the Institute of 
Physical Chemistiy of Metallurgy and Materials (IPMM), Central South University 
of Technology, China from 1988 to 1994. In 1991-1992 and 1995-1996 Dr. Li 
worked as a visiting scientist in the Department of Applied Chemistry, University 
of Tokyo, Japan, and from 1996-1999, he worked as a Senior Research Associate 
in the Department of Electrical and Computer Engineering, and the Department of 
Chemistiy, University of Toronto. He moved from academy to industry in 1999 
when he joined JDS Uniphase as a senior material scientist, and then worked at 
Ballard Power Systems as as a senior material scientist from 2003 to 2008. As a 
material scientist for over 20 years, Dr. Li has been working on nanostructured 
materials, polymer physics and chemistry, fuel cell catalyst and carbon materials, 
metals, and fiber optical materials. He has published more than fifty research 
papers in refereed journals and holds over seven patents in China, Japan, and the 
USA. He is an active member of The Electrochemical Society. 

Dr. Yingwei Li is Professor of Physical Chemistry at the South China University 
of Technology, China. He received his B.S. (1998) and Ph.D. (2003) in Physical 
Chemistiy from Tsinghua University, China. His Ph.D. work, on catalytic 
synthesis of iso-C 4 hydrocarbons from CO hydrogenation, was carried out under 
the supervision of Professors Shaoyi Peng, Qiming Zhu, and Dehua He. From 2003 
to 2004 he was a postdoctoral fellow at the University of Calgary, Canada, 
working with Professor Peter D. Clark on oxidative dehydrogenation of C2-C5 
alkanes. He returned to China in 2004 as a Research Fellow at Tsinghua 
University, where he worked with Professor Dehua He on hydrogen production 
from steam reforming of methanol. From 2005 to 2007 he was a postdoctoral 
fellow at the University of Michigan, USA, working with Professor Ralph T. Yang 
on hydrogen storage by spillover and the desulfurization of liquid fuels by 
adsorption. His research interests focus on hydrogen energy and catalysis 
chemistiy, with particular recent interests being the production of hydrogen from 
alcohols and biomass, hydrogen storage on nanostructures, and fuel cell catalysts. 
He is the first author of over twenty peer-reviewed publications, and holds four 
patents, including two US patents. 

Dr. Shijun Liao is a Professor at South China University of Technology. He 
received his B.S. and M.Sc. in Physical Chemistiy from Huazhong Normal 
University in 1982 and from Jilin University in 1988, respectively, and his Ph.D. in 
Industrial Catalysis from South China University of Technology in 1999, under the 
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supervision of Professor Wang Lefu. After completing his Ph.D., Dr. Liao worked 
as a postdoctoral fellow from 2000 to 2001 in Professor Linkov’s group at the 
University of the Western Cape in South Africa, and in 2005, he worked in 
Professor Viola Birss’s group at the University of Calgary, Canada as a visiting 
scientist. He has worked in universities for twenty-six years, and has been engaged 
in fuel cell and fuel cell catalysis research since 2000. Dr. Liao supervises more 
than twenty M.Sc. and Ph.D. students, as well as six researchers. His research is 
focused on preparation of novel anode and cathode catalysts, novel preparation 
methods for high-performance Pt-based and Pd-based catalysts, preparation of 
membrane electrode assemblies, and development of large power stacks for power 
station and vehicle applications. His main research achievements include a high- 
pressure colloidal method for preparation of high-performance catalysts, and a 
novel catalyst-coated membrane technique for preparation of high-performance 
MEAs. Dr. Liao has co-authored more than 130 research papers published in 
refereed journals and holds over ten China patents. One of his research 
achievements has received an award from the China Education Ministry for its 
successful application in industry. Dr. Liao is an active member of the Catalysis 
Society of China, the Associate Editor of the Journal of Nanomaterials, and a board 
member of several Chinese journals. 

Dr. Hansan Liu is a Research Associate at the National Research Council of 
Canada Institute for Fuel Cell Innovation. He obtained his Ph.D. in the 
electrochemistry research group at Xiamen University, China, and has over ten 
years of research experience in the field of electrochemical energy conversion and 
storage devices, including Ni-MH batteries, lithium ion batteries, solar energy 
devices, supercapacitors, DMFCs, and PEMFCs. His research interests include fuel 
cell electrocatalysis, electrode materials of rechargeable batteries and capacitors, 
photoelectrocatalysis, and aerosol techniques for nanomaterial synthesis. Dr. Liu 
has authored or co-authored three book chapters, three patents (two pending), over 
thirty peer-reviewed journal papers, and eight industrial technical reports. Dr. Liu 
is a member of The Electrochemical Society as well as the International Society of 
Electrochemistry. 

Dr. Kourosh Malek received his M.Sc. in Physical (Electro)Chemistry in 1997 
from Sharif University of Technology, Iran. After commencing his Ph.D. in 1997, 
he moved to the Netherlands to continue his doctoral research work in the 
Department of Chemical Engineering at Delft University of Technology (TU 
Delft). He received his Ph.D. with honours in 2001, in physical chemistiy 
emphasizing electrochemistry and catalysis. From 2001-2004 he was a 
postdoctoral research fellow in the Department of Chemical Engineering, TU 
Delft, working on the modelling of transport in heterogeneous porous media, and 
carried out several projects in the field of computational molecular catalysis and 
transport in porous media. This was followed by a research ( onderzoeker ) 
appointment at Schuit Institute of Catalysis, Eindhoven, Netherlands, working on 
molecular heterogeneous catalysis and the computational study of catalytic 
reactions, prior to joining the National Research Council of Canada Institute for 
Fuel Cell Innovation (NRC-IFCI) as a Research Officer in May 2006. Dr. Malek is 
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proficient in using multi-scale computer simulations for applications in 
heterogeneous catalysis and fuel cells. He also has a solid background in 
electrochemistry and molecular heterogeneous catalysis. Most of his research 
interests relate to the central theme of modeling and simulation of diffusion and 
reaction phenomena from the micro-scale (atomic) up to the macro-scale. His 
current research area includes self-organization phenomena in PEM fuel cells, 
modeling of diffusion and reaction in nanoporous (electro)catalysts and 
membranes, dynamic properties of heterogeneous nanoporous materials, and meso- 
scale simulations of diffusion and reaction processes in nanoporous catalysts with 
rough internal surfaces. 

Dr. Zhigang Qi, currently a corporate Fellow at MTI Micro Fuel Cells Inc., is an 
electro/analytical chemist and materials scientist. Dr. Qi has diverse technical and 
managerial training. He received his B.Sc. and M.Sc. from the University of 
Science and Technology Beijing in 1985 and 1988, respectively. After teaching 
there for about two and a half years, he went to Canada and received a second 
M.Sc. from Memorial University of Newfoundland in 1993, and a Ph.D. from 
McGill University in 1996. He then worked with Professor Peter Pickup at 
Memorial University as a postdoctoral fellow for one and a half years. In 1997, Dr. 
Qi joined H Power Coip. as a Senior Staff Scientist and the Supervisor of the 
Electrochemistry Lab. In 2003, he moved to Plug Power Inc. as the Manager of the 
Analytical and Fundamentals group and was promoted to Corporate Fellow in late 
2004. Dr. Qi joined MTI Micro Fuel Cells in November 2007. In the last twelve 
years. Dr. Qi has focused on improving the performance and durability of proton 
exchange membrane fuel cells, direct methanol fuel cells, and phosphoric acid fuel 
cells at both component and system levels. He has made a number of significant 
contributions to advancing these technologies, and some of his work has created 
new research directions. He has fifty-seven articles in peer-reviewed journals, six 
invited book chapters, twelve publications in proceedings volumes, and holds eight 
US patents, eight pending US patent applications, and numerous invention 
disclosures. Dr. Qi has been elected as an Editorial Board Member of the Journal 
of Power Sources since 2006. He also teaches “Fuel Cell Technology” as an 
adjunct professor at the Graduate College of Union University. He is a member of 
The Electrochemistry Society and the American Chemical Society. 

Dr. Madhu Sudan Saha is a Research Associate with Professor Brant A. Peppley 
at Queen’s-RMC Fuel Cell Research Centre, Canada. Dr. Saha received his B.Sc. 
and M.Sc. in Chemistry from Dhaka University in 1993 and 1995, respectively, 
under the supervision of Professor Rowshan J. Mannan, and his D.Sc. in 
Electrochemistry from Tokyo Institute of Technology in 2001 under the 
supervision of Professor Takeo Ohsaka. The same year he took a position as a 
Research Scientist at Permelec Electrode Ltd., Japan, where he was responsible for 
developing high-performance MEAs for PEM fuel cells and for the 
electrochemical synthesis of biologically important organics. In 2004, he came to 
Northeastern University, USA, as a Research Scientist to work with Professor 
Sanjeev Mukerjee, investigating methanol crossover and cell performance in 
DMFCs, and developing ultra-low Pt-loading electrodes for PEMFC applications. 
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Dr. Saha also worked as a Research Associate with Professor Xueliang Sun at the 
University of Western Ontario, Canada. Dr. Saha has over seven years of R&D 
experience in theoretical and applied electrochemistry, including over two years of 
fuel cell R&D. He has co-authored more than twenty-five research papers 
published in refereed journals and holds over ten patents. He has also produced in 
excess of twenty industrial technical reports. Dr. Saha is an active member of The 
Electrochemical Society and the American Chemical Society. He was awarded the 
Monbukagakusho Fellowship from the Ministry of Education, Culture, Sports, 
Science and Technology, Japan (1998-2001). His research focuses on 
nanostructured materials, including nanotubes and nanowires synthesis, and 
electrochemical characterization and applications as alternative electrode supports 
for PEM fuel cells. 

Dr. Pei Kang Shen is a Professor and Director of the Advanced Energy Materials 
Research Laboratory (AEMRL) at the Sun Yat-Sen University in China. Dr. Shen 
received his B.S. in Electrochemistry from Xiamen University in 1982. He spent 
seven years in Xiamen University as Assistant Lecturer before going to Essex 
University as a Senior Visiting Scientist in 1989. Dr. Shen received his Ph.D. in 
Chemistry from Essex University in 1992 under the supervision of Professor 
Alfred C. C. Tseung. He has continued to carry out research on fuel cells and 
functional materials since 1992 at Essex University, Hong Kong University, and 
the City University of Hong Kong. Dr. Shen moved to Sun Yat-Sen University in 
2001. He is currently leading a highly interdisciplinary team of over twenty 
research members, including postdoctoral, doctoral, and masters students. For 
more than twenty years, Dr. Shen has been involved in research areas covering fuel 
cells and batteries, the electrochemistry of nanomaterials, nanocomposite 
functional materials, and high-performance polymer materials. Dr. Shen has co¬ 
authored more than 150 journal papers and holds over ten patents. He is an active 
member of The Electrochemical Society, the International Society of 
Electrochemistry, and the American Chemical Society. 

Dr. Zheng Shi obtained her Ph.D. in Physical Chemistry from Dalhousie 
University in 1990. Dr. Shi has over fifteen years of theoretical modeling 
experience in the fields of electronic structure, reaction mechanisms, drag 
development, catalysis development, and structure activity relationships. She has 
worked at several pharmaceutical companies as well as universities, including 
Simon Fraser University and the University of British Columbia, prior to joining 
the National Research Council of Canada Institute for Fuel Cell Innovation. 
Currently, Dr. Shi is working in the area of fuel cell catalysis development and 
catalyst contamination studies. Dr. Shi’s research focuses on the fundamental 
understanding of electrocatalysis reaction mechanisms, and the development of 
structure activity relationships and fuel cell contamination kinetic models. 

Dr. Chaojie Song is a Research Officer at the National Research Council of 
Canada Institute for Fuel Cell Innovation (NRC-IFCI). He received his B.Sc. in 
Chemistiy from Lanzhou University (1984), and his M.Sc. in Electrochemistry 
from Hebei Normal University (1989) under the supervision of Professors Wenzhi 
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Zhang and Xizun Wu. He received his Ph.D. in Inorganic/Analytical Chemistry 
from the University of New Brunswick (1997-2001) under the supervision of 
Professor Gilles Villemure, working on layered silicate clays, mesoporous 
molecular sieve silicas, and the use of these nano structured materials in modified 
electrodes. He then conducted postdoctoral work under the supervision of 
Professor Kurt R. Hebert and Professor Surya K. Mallapragada at Iowa State 
University (April-December 2001). In 2002, he joined Professor Peter G. Pickup’s 
group at Memorial University of Newfoundland as a postdoctoral fellow, and then 
as a research associate in December 2003, working on fuel cell catalyst 
development. He joined the NRC-IFCI in 2004 as a NSERC (Natural Sciences and 
Engineering Research Council) postdoctoral fellow, a research associate, and then 
a research officer under the supervision of Dr. Jiujun Zhang, working on high- 
temperature PEM hiel cells and fuel cell catalyst development. Dr. Song has over 
seventy research publications, including journal papers, conference presentations, 
and industrial technical reports. Dr. Song is an active member of The 
Electrochemical Society. 

Professor Xueliang (Andy) Sun is a Canada Research Chair in the development 
of nanomaterials for fuel cells, and Associate Professor at the University of 
Western Ontario, Canada. Dr. Sun received his Ph.D. in Materials Chemistry in 
1999 at the University of Manchester, UK, followed by work as a postdoctoral 
fellow at the University of British Columbia, Canada and as Research Associate at 
l’lnstitut national de la recherche scientifique (INRS), Canada. He has extensive 
experience in materials and in surface science more generally. In recent years, Dr. 
Sun has established a remarkable track record in nanoscience and nanotechnology 
for clean energy, mainly in the areas of synthesis and structure control of one¬ 
dimensional nanomaterials such as carbon nanotubes and nanowires, as well as 
their applications for fuel cells. He has published over thirty papers in peer- 
reviewed journals and one book chapter. He has also authored or co-authored 
seven patents for the synthesis of carbon nanotubes and nanowires as well as their 
application as fuel cell electrodes. At the University of Western Ontario, Dr. Sun is 
currently supervising over ten researchers, including research associates, 
postdoctoral fellows, and graduate students. Dr. Sun and his group have been 
developing various methods such as chemical vapor deposition, solution-based, 
and template methods to fabricate carbon nanotubes, nanowires, and nanoparticles 
as fuel cell electrodes. Dr. Sun has established extensive collaborations with 
General Motors (GM), Ballard Power Systems, the Canadian Department of 
National Defence (DND), INCO Ltd., and the Canadian Space Agency (CSA) to 
work on nanomaterials and fuel cells. Dr. Sun is an active member of The 
Electrochemical Society and the Materials Research Society. 

Dr. Haijiang Wang is a senior research officer, project manager of multi-projects, 
and core competency leader of the Unit Fuel Cell Team at the National Research 
Council of Canada Institute for Fuel Cell Innovation (NRC-IFCI). He is leading a 
team of over ten researchers to carry out research and development on novel fuel 
cell design, novel fuel cell materials, fuel cell diagnosis, and durability. Dr. Wang 
received his Ph.D. in Electrochemistry from the University of Copenhagen, 
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Denmark in 1993. He then joined Dr. Vernon Parker’s research group at Utah State 
University as a postdoctoral researcher to study electrochemically generated anion 
and cation radicals. In 1997 he began working with Natural Resources Canada as a 
research scientist to conduct research on fuel cell technology. In 1999 he joined 
Ballard Power Systems as a senior research scientist to continue his research on 
fuel cell technology. After spending five years with Ballard Power Systems, he 
joined NRC-IFCI in 2004. He is currently adjunct professor at five universities, 
including the University of British Columbia and the University of Waterloo. To 
date, Dr. Wang has accumulated twenty-five years of professional research 
experience in electrochemistry and fuel cell technology. He has published over 
fifty journal papers, forty industrial reports, given more than thirty conference 
papers or presentations, and holds three patents. 

Dr. Qianpu Wang received his Diploma in Metallurgy Engineering from the 
Central South University, China in 1986 and his Ph.D. in Multiphase Flow from 
the Norwegian University of Science and Technology, Norway in 2001. He then 
joined the National Research Council of Canada Institute for Fuel Cell Innovation 
(NRC-IFCI) as a post-doctoral fellow until 2004. Thereafter he has been a research 
officer at NRC-IFCI. His research interests include hindamental understanding of 
mass transport limitations, catalyst utilization in catalyst layers, and fuel cell/stack 
modeling and optimization. 

Dr. Xiaoli Wang is an engineer in the Fuel Cell Vehicle Division of the Shanghai 
Automotive Industry Corporation of China (SAIC). She received her B.S. in 
Chemical Engineering from Dalian University of Technology in 2001. Dr. Wang 
then went on to study at the Dalian Institute of Chemical Physics, Chinese 
Academy of Sciences (CAS-DICP), where she received her Ph.D. in Chemical 
Engineering in 2006 under the supervision of Professor Huamin Zhang. Dr. Wang 
has over five years of experience in the research and development of proton 
exchange membrane fuel cells. Her research involves electrode design, catalyst 
layer/MEA characterization, and catalyst synthesis and electrochemical evaluation. 
She currently focuses on research for fuel cell engine systems, and is participating 
in a development project on fuel cell cars that will feature in the 2010 World 
Exposition in Shanghai. Dr. Wang has co-authored eleven research papers 
published in refereed journals, and holds five China patents. 

Dr. Wei Xing is professor and leader of the Chemical Power Research Section at 
the Changchun Institute of Applied Chemistry (CIAC), Chinese Academy of 
Sciences. Dr. Xing received his B.S. in Chemical Engineering from Zhejiang 
University in 1987 under the supervision of Professor Qingyang Shen, and his 
Ph.D. in Physical Chemistry from CIAC in 1995 under the supervision of 
Professors Shiquan Xi and Tianhong Lu. After completing his Ph.D., he worked as 
a researcher at the Hong Kong Productivity Council for three years. From 1999 to 
2001, he worked as an associate professor at CIAC, and from 2001 to the present, 
he has worked as a professor and section leader at CIAC. His research interests are 
focused on fundamental understanding of the electrochemical system of PEM fuel 
cells (PEMFCs), including direct methanol tuel cells (DMFCs), as well as 
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materials (catalysts and membranes) and integrated technologies of PEMFCs and 
DMFCs. Dr. Xing has over twenty years of R&D experience in theoretical and 
applied electrochemistry, including over ten years of fuel cell R&D. Fie has co¬ 
authored more than 100 research papers published in refereed journals and holds 
over twenty China and US patents. Fie has completed and directed many national 
scientific projects, such as the National High Techniques Program “Direct Alcohol 
Fuel Cell”, and the Key Nature Science Foundation “Fundamental Research on 
Direct Alcohol Fuel Cell”, amongst others. Dr. Xing is a syndic of the Chinese 
Chemical Society, a fellow of the Chinese Society of Electrochemistry, and a 
member of the Academic Committee of the CIAC. Fie is also a member of the 
International Society of Electrochemistry and of the American Chemical Society. 

Dr. Siyu Ye received his B.Sc. in 1982 and his Ph.D. (under the supervision of 
Professors Zhaowu Tian and Renyuan Qian) in 1988, both from Xiamen 
University. He was a Volkswagen Foundation Postdoctoral Fellow (award 
accompanied by research funding) at the University Duisburg-Essen, Germany 
(1988-1991) and Postdoctoral Fellow at the University of Quebec at Montreal, 
Canada (1991-1993). From 1994 to 2000, he was a senior research scientist at the 
Hydro-Quebec Research Institute, Canada. In 2000, Dr. Ye joined Ballard Power 
Systems as a senior research scientist. He was promoted to principal research 
scientist in 2002. He is also an Adjunct Professor at the University of British 
Columbia, Canada. Dr. Ye is recognized as a leading world expert in 
electrocatalysis and electrocatalyst development for fuel cells. He has been 
instrumental in developing Ballard’s high-performance, durable anode and cathode 
catalyst technology. Presently, Dr. Ye is leading Ballard’s next-generation catalyst 
technology development, including catalyst layer design and processing. He has 
more than ten years of fuel cell experience, with expertise in catalyst materials, 
electrodes, and MEA design. He also has over sixty peer-reviewed papers, as well 
as many patents and patent applications. Dr Ye is co-author of the book Optical 
Methods in Electrochemistry, published by Science Press (Beijing) in 1990, and 
has been an invited speaker at many professional conferences. 

Dr. Xiao-Zi Yuan is a Research Officer in the Unit Cell Team at the National 
Research Council of Canada Institute for Fuel Cell Innovation (NRC-IFCI). Dr. 
Yuan received her B.S. and M.Sc. in Electrochemical Engineering from Nanjing 
University of Technology in 1991 and 1994, respectively, under the supervision of 
Professor Baoming Wei, and her Ph.D. in Material Science from Shanghai Jiaotong 
University in 2003, under the supervision of Professor Zifeng Ma. After 
completing her M.Sc., she held a lecturer position at Nantong University for six 
years, and after completing her Ph.D. was an associate professor there for one year. 
Beginning in 2005, she held a three-year postdoctoral research position at NRC- 
IFCI with Dr. Haijiang Wang. Dr. Yuan has over fourteen years of R&D 
experience in applied electrochemistry, including over eight years of hiel cell R&D 
(among these three years at Shanghai Jiaotong University, one year at 
Fachhochschule Mannheim, and four years at NRC-IFCI). Currently her research 
focuses on the areas of PEMFC design, testing, and diagnosis, and the study of 
PEMFC durability. Dr. Yuan has published more than twenty research papers in 
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refereed journals and holds five China patents. She has also produced over ten 
technical reports. 

Professor Huamin Zhang is the PEMFC key materials and technology group 
leader as well as the director of the DICP-SAMSUNG Fuel Cell Joint Lab and of 
the DICP-BORONG Redox Flow Storage Battery Joint Lab at Dalian Institute of 
Chemical Physics, Chinese Academy of Sciences (CAS-DICP). Professor Zhang 
received his B.S. from Shandong University in 1982, and his M.Sc. and Ph.D. from 
Kyushu University in Japan in 1985 and 1988, respectively, under the supervision 
of Professor Noboru Yamazoe. After completing his Ph.D., Professor Zhang 
worked in Japan on projects in function materials, catalytic materials, solid oxide 
materials, and fuel cells. As a professor and the director of the Fuel Cell Center at 
DICP since 2000, he has been in charge of: the “Fuel Cell Engine” project of the 
national “863” high-technology project “Fuel Cell Vehicle”, supported by the 
National Ministry of Science and Technology; the Knowledge Innovation Program 
“Large Power Proton Exchange Membrane Fuel Cell Engine and Hydrogen 
Source”, supported by the Chinese Academy of Sciences; the international 
cooperation project “Key Technology of Fuel Cells”, supported by the National 
Ministry of Science and Technology; and the Orientated Project of the Knowledge 
Innovation Program “Fluoride Ionomer for PEMFC”, supported by the Chinese 
Academy of Sciences. Presently, he is the scientist responsible for the national 
“863” high-technology project “Research on Testing the Key Materials, 
Components, and Environmental Adaptability of Fuel Cells”. Under his leadership 
Professor Zhang’s team successfully developed a 30 kW fuel cell engine and a 100 
kW fuel cell engine for China’s first fuel cell mini-bus and first fuel cell bus, 
respectively. Professor Zhang’s current research interests are in low-Pt and non¬ 
noble metal electrocatalysts, self-humidified membranes, advanced MEA 
fabrication and process technologies for PEMFCs, and vanadium redox flow 
batteries. Professor Zhang has co-authored more than 150 research papers 
published in refereed journals. 

Dr. Jianlu Zhang is a Research Associate at the National Research Council of 
Canada Institute for Fuel Cell Innovation (NRC-IFCI). Dr. Zhang received his B.S. 
in Chemistiy from Liaocheng University in 1998, his M.Sc. in Applied Chemistry 
from Dalian University of Technology in 2001 under the supervision of Professors 
Xianyun Su and Tianxi Cai, and his Ph.D. in Physical Chemistry from Dalian 
Institute of Chemical Physics, Chinese Academy of Sciences (CAS-DICP) in 2005, 
under the supervision of Professor Huamin Zhang. He carried out his postdoctoral 
research at NRC-IFCI as an NSERC (Natural Sciences and Engineering Research 
Council) postdoctoral fellow for two years under the supervision of Dr. Jiujun 
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electrocatalysts, 136, 145, 152, 155-9. 
See also catalysts 
and CO tolerance, 759-811 
contamination of, 331-51 
physical characterization of, 487-536 
and reversal tolerance, 835-56 
electrocatalytic activity, 382, 393, 407 
electrocatalytically active surface area, 
383-5,387,389, 397 
electrochemical, 451,465-7, 471, 474, 
476 

electrochemical active surface area, 487, 
498-9, 501-2, 560-3, 598-9, 1066, 
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electrochemical activity, 147-9 
electrochemical cell, 547-56, 586 
electrochemical deposition, 904-6, 917, 
958 

electrochemical half-cell testing, 616-17, 
620-2 

electrochemical impedance spectroscopy, 
392-3, 988-90, 996-7, 1031-2, 
1048-9 

electrochemical mass spectroscopy, 536 
electrochemical methods, 453-4, 463, 
547-602 

electrochemical modification, 691 
electrochemical reaction, 356, 358-61, 
368-9,374,382-5,419-23 
and performance evaluation, 965-6, 
972, 981,983,990 

electrochemical surface area, 981, 983-4, 
1055-6, 1066, 1075-6 
electrochemistry, 547-602, 612-13, 622, 
774 

of carbon monoxide and hydrogen, 
766-70, 774 

electrode Pt surface area, 982-4, 1045-6 
electrodeposition, 192, 224, 235-6, 255- 
61,264,613-14,628 
electrodeposition, 365, 372 
electrodes 

activity, 135, 143, 145, 147, 152, 
156-8 

and catalyst activity evaluation, 547- 
9, 551-2, 554-60, 562, 565, 575, 
577, 580-4, 586, 591-4, 598, 600, 
602 

and catalyst preparation, 499-501, 
503,510-12,516-17, 533 
and CO-tolerant catalysts, 762-3, 768, 
772-6, 779, 783, 785 
and cost reduction, 1088 
flooding 

846, 1012-1014, 1016, 1061-2 
kinetics, 136, 138 
167,230, 235,269 

and nanosupports, 656-7, 659, 665-6, 
668-70, 674, 676, 678, 680, 682, 
684-8, 695-703 

and non-noble electrocatalysts, 716, 
719, 725-7, 735,744 
overpotential, 967 
polarization, 967 

potential, 138^-1, 144-5, 158, 172, 


177, 180, 203-5,208,214,219, 
222, 229,236, 308-9,313 
structure, 355, 367, 369 
three-dimensional, 236, 246, 253-60 
electrodesorption, 981-2 
electrolyte, 136-7, 143-5, 149-51, 157, 
159 

electron affinity, 306-9 
electron conductivity, 890, 894, 896 
electron diffraction, 488, 496-7 
electron spectroscopy for chemical 
analysis, 512-13 

electron transfer coefficient, 139, 142-3, 
147-8,339,862-3,968-9 
electron transfer mediator, 106 
electron transfer number, 57, 66, 94, 96, 
98, 101, 104-5, 111-13, 147, 728-9, 
732, 969, 1069 

electronic conductivity, 974-5 
electronic effect, 166, 195, 209, 213, 260, 
636, 647-8 
electroosmosis, 865 
electroosmotic drag, 21, 368 
electrooxidation, 166-7, 172-240, 247- 
57, 261, 264-7, 332-5, 339, 342, 
345-6,980, 984, 1006-8 
elemental composition, 512, 515, 523 
elementary reaction, 93-4 
end-on interaction, 293, 309-10, 317, 322 
energy dispersive spectroscopy, 522-5 
energy dispersive X-ray spectroscopy, 
790, 843^1, 1050 
enthalpy, 41, 49, 144, 149-50 
entropy, 144, 864, 875 
equilibrium, 140-2, 968, 971 
equilibrium coverage of surface, 864 
equilibrium soluble concentrations, 1068— 
9 

equivalent circuit, 575-84, 989-92 
ethanol, 165-270 

ethanol oxidation, 37—40, 167, 219-33, 
247,249-50,261 
evaporative deposition, 372 
ex situ methods, 965 
exchange current density, 33, 53-7, 59, 
61, 65-6, 73, 78, 90-5, 112-15, 121, 
124-5, 129, 140-3, 147-50, 157, 386, 
390, 393, 395,411, 420, 430, 550, 
586, 590-3, 862^1, 968-70, 973, 
1046-8 

fabrication, of the MEA, 889-912 
fabrication and optimization, of MEAs, 
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1029-33 

failure analysis, 1044-53 
failure mode, 21-2, 995-7 
Fe-N 4 system, 118,121,320 
Fe tetrakis(4-N-methylpyridyl) porphyrin, 
118 

Fe tetrasulfonate phthalocyanines, 118 
Fe(III) phthalocyanine, 127 
Fe nl TPFPP (5,10,15,20-Tetrakis 
(pentafluorophenyl)-21 H,23H- 
porphine iron (III)), 98 
Fenton agent, 1056-7 
FePc, 92, 121-2 
FePcClie, 95-6 
Feret-max, 1076-7 
Feret-min, 1076-7 
Fermi level, 300, 302, 305 
filter, 342-3,346,348,351 
finite transmission-line equivalent circuit, 
580 

five-layer ME A, 891-2 
flame-based processing, 918, 941-3, 947- 
57 

flooding, 9, 16, 21, 69, 74, 347, 392,413, 
420,430 

electrode, 846, 1012-4, 1016, 1061-2 
flow field, 553-5, 589-90, 889-90 
flow-field design, 6, 8, 16-7, 19, 987 
flow rate, 8, 18-20, 68, 79, 174 
formal potential, 96, 103, 126-8 
formic acid oxidation, 34, 40, 165-7, 172, 
202, 204, 206, 217-19, 233-4, 264-6, 
270 

forward reaction, 969 
four-electron reaction, 717-18, 724, 728- 
9, 732, 738, 740, 744, 746, 979, 1069, 
1084 

four-electron reduction pathway, 11-2, 
89-90,98-101, 104, 117-18, 120, 

122,129 

four-probe configuration, 578-9 
Fourier transform infrared spectroscopy, 
532-4, 764-6, 800 
free energy, 311,313,315, 320 
frequency response analyzer, 578 
fuel cell contamination, 331-51 
fuel cell diagnosis, 1045-50 
fuel cell efficiency, 48-50 
fuel cell failure, 331, 346 
fuel cell stack, 986, 988 
fuel cell structure, 1042-3 
fuel cell voltage, and performance 


evaluation, 967-97 
fuel cells, 447, 451, 455, 457-8, 460, 
462-3,468, 471,474-7,487, 491-2, 
495, 501, 503, 507-8, 512-18, 521, 
527, 531-2, 534, 547-50, 552, 560, 
567, 570, 572, 578-602, 611-12, 
615-19, 621-2, 625,628 
See also specific fuel cell types 
fuel crossover, 45-8, 72, 261 
functional groups, 672-3, 678, 688-9, 
802-3 

galvanostat, 560 

gas diffusion electrode, 195, 236, 243, 
245-6, 253, 255, 260, 383-5, 864, 
889-93, 895 

gas diffusion layer, 1, 14-6, 22-3, 69, 73, 
79, 248, 331, 355-7, 365, 368-72, 
374, 693^4, 696-7, 889-900, 903-4, 
906, 908,910-11, 1042, 1051 
and performance evaluation, 965, 
973-6 

gas management, 890, 1011-18, 1027, 

1029 

gas permeability, 890, 918 
gasket, 6, 22-3, 987, 1081 
Gibbs free energy, 42-3, 49, 55, 138, 144, 
207, 311,315, 320, 359, 593, 966 
glass transition temperature, 549, 911, 

1030 

glassy carbon, 101-7 
gluing method, 877 
gradient arrays, 612-15, 628 
graphite, 6, 16-7, 72, 95-9, 101-4, 118, 
128-9,165, 168, 185-6, 209, 230-1, 
238, 249, 255-61, 270, 318-21, 849, 
876. See also highly oriented 
pyrolytic graphite; pyrolytic graphite 
graphite felt, 253-8 
graphitization, 363, 373 
graphitized carbon, 876, 1084, 1086 
H 2 /air boundary, 1081-2 
half-cells, 357, 547, 551-2, 591, 972, 
978-86, 997 
hardware design, 987 
heat rejection, 861, 866, 884 
heat (thermal) treatment, 106, 120-1, 452, 
469, 471, 473-6, 628, 633, 636, 640, 
717-23,728, 731,734 
and high-temperature fuel cells, 877 
and non-noble electrocatalysts, 717— 
23, 728, 731, 734 
heteroatom doped carbons, 105-6 
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heterogeneous catalysis, 149 
heterogeneous media, theory of, 355, 397, 
407,411 

Heyrovsky reaction, 137, 142-3, 151-2, 
159 

high-energy ball milling, 457-8 
high frequency, in AC impedance spectra, 
990-1 

high-spatial-resolution energy dispersive 
spectroscopy, 524 
high temperature, and performance 
evaluation, 993-7 

high-temperature PEM fuel cells, 861-84, 
995 

reaction kinetics, 861-2, 863, 873, 

884 

high through-put screening, 627-8 
highly oriented pyrolytic graphite, 104, 
209 

homogeneity, 723, 803-9, 978, 1017, 

1025 

hot points, 993-5 
hot-pressing, 897, 911 
humidifier, 761, 865, 986-7, 1056, 1060 
humidity, low/zero, 976, 990-1, 997 
hydrogen, and CO-tolerant catalysts, 759- 
811 

hydrogen, and voltage reversal tolerance, 
835-56 

hydrogen adsorption, 143-7, 332-4, 337, 
339,350 

hydrogen adsorption/desorption, 560-3, 
572, 581,596,599 

hydrogen adsorption/desorption method, 
499-500 

hydrogen carrier, 337 
hydrogen crossover, 45-7, 588, 593-4, 
598 

hydrogen cyanide, 340, 347 
hydrogen electrode, 548, 554, 560 
hydrogen evolution reaction, 136, 140, 
143-7, 150-2 
hydrogen gain, 600-2 
hydrogen highway, 4 
hydrogen oxidation reaction, 13, 31, 33- 
4, 53, 57-8, 66, 78, 124, 135-59, 
356-7,1006 

and catalyst contamination, 333—4, 
337, 339 

and catalyst degradation, 1056-8 
and CO-tolerant catalysts, 762-3, 
768-73, 776, 779, 781-4, 788-9, 


791-6, 798, 802, 804-5,810 
and combinatorial methods, 611, 624- 
5, 628 

and electrochemical methods, 564, 
567,581-3,593,600 
and high-temperature fuel cells, 862- 
4, 862-5 

and non-noble electrocatalysts, 716, 
727 

and performance evaluation, 967-71, 
978, 980,984, 990 
hydrogen peroxide, 292, 294, 298-9, 
307-8, 317-18, 320, 323, 717, 725, 
726, 734, 738, 746, 761, 911, 993-5, 
994, 1029, 1060 

production, 89-90, 101-12, 117-21, 
127 

hydrogen pumping, 580, 601-2 
hydrogen purification, 9 
hydrogen reformer, 9 
hydrogen-rich reformate gas, 332-3 
hydrogen sulfide, 332, 334-6, 339, 346- 
51, 1056, 1060-1 

hydrophilicity, 356, 365, 373, 553, 590, 
599, 875, 894-5, 897-903, 1015-19, 
1027 

and performance, 975-8 
hydrophilicity, 331, 341, 347 
hydrophobicity, 331, 341, 356-7, 373, 
553, 590, 848, 875-7, 890-1, 893-6, 
899-903,906,910,1011, 1013-20, 
1023,1029 

and performance, 975-8, 996 
hydroquinone, 1085-6 
impedance, 547, 559, 574-8, 580, 582^1 
impedance spectroscopy, 547, 573-84, 
602, 778-9, 847 
impregnation, 450-1, 476,478 
impregnation method, 877 
impregnation reduction, 372 
impregnation-reduction method, 907 
impurities, 331-2, 334, 337, 339-40, 
342—4, 994-5 
in-plane, 908-9 

in situ methods, 982-3, 988-93, 996-7 
incubation, 601 

inductively coupled plasma mass 
spectrometry, 996 
inhibition effect, 636-7 
inkjet printing, 366, 613 
interdigited flow field, 554 
interface, catalytic, 212-13, 236-69 
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interfacial kinetics, 385-6, 393 
intermediate, 143^4, 149, 151-2, 166-8, 
172-6, 202-3, 209, 214, 220, 233, 
261, 292-4, 298-301, 303-5, 310, 
313-18,320, 324 
intermediate adsorption, 298-9 
intermittent microwave heating, 368 
intermittent microwave irradiation 
method, 901 

internal combustion engine, 343 
intrinsic exchange current density, 92-3 
ion-beam assisted deposition, 907-8 
ionic conductivity, 578-81 
ionic conductor, 356-7 
ionic liquids treatment, 691 
ionization potential, 306, 322-3 
ionomer, 212, 219, 230, 236-69, 331, 

337, 346, 350, 382-4, 386-91, 397-8, 
400, 403-7, 411-13, 418-20, 425-6, 
428, 433, 438, 865, 868-70, 877-8, 
891,893-902,905-6,910-11 
and performance evaluation, 975-7, 
992, 995 

ionomer impregnation, 372 
IR thermography, 619, 628 
iridium, 145-9, 153, 780, 782, 810, 850-5 
iron, 299-300, 303-5, 316-20, 322, 715, 
717-24, 728, 733-4, 733-9, 736-9, 
744, 747-8, 761, 781-2, 791, 810, 
930-2, 963, 979, 1006, 1010, 1056, 
1071, 1086. See also individual Fe 
compounds 

kinetic current density, 97-8, 304 
kinetic loss, 331, 337-9, 342, 347, 349- 
50 

kinetics, 549-50, 552, 557, 560, 566, 
568-9, 576, 581, 584-5, 588, 591, 

602 

of the oxygen reduction reaction, 89- 
93, 106-8, 113-14, 121-2, 124, 
127 

and performance evaluation, 968, 
972-3,981,988-9, 990, 995 
Kohn-Sham orbital, 290 
Koutecky-Levich equation, 97-9, 568-72, 
978-9 

lanthanoid, 743—4, 754 
lattice constant, 298-9, 303 
lattice spacing, 488 
leaching, 634-5, 640-2, 649 
lifetime, lifetime testing, 871, 873, 994-7, 
1003,1033 


ligand effect, 719-20, 766, 773-7, 783, 
810 

limiting current density, 140-1 
linear adsorption, 864, 1058 
linear-bond CO, 864 
linear sweep voltammetry, 558, 566 
liquid fuel cell, 359, 366-7 
liquid permeability, 407,411 
liquid-to-vapor conversion, 429-30 
liquid/vapor interfacial area, 411 
load bank, 986-7, 990 
low platinum loading catalyst, 925, 946, 
956, 958 

low-temperature chemical precipitation, 
448 

low-temperature fuel cells, 457, 532-3, 
536. See also specific fuel cell types 
Luggin capillary, 548, 552 
macrocycle, 716-24, 738-9, 748 
macrocyclic complexes, 117, 120-2, 292, 
316, 474-6 

macrohomogeneous model/theory, 385-6, 
397,417,425-8 
macroporous catalyst films, 465 
mask arrays, 615-16, 628 
mass transfer, 971-3, 990-1, 995 
mass transfer loss, 331,972-3, 995 
mass transfer resistance, 988-90, 992, 
1013,1019-20 

mass transport, 22, 69-73, 76, 78, 174, 
240-1, 385, 391-3, 439, 868, 900, 
902, 908,911 

mass transport loss, 908, 1047, 1066, 

1086 

mass transport resistance, 557, 570, 576, 
584-5, 589-91, 595, 599-600 
mechanical degradation, 22-3 
mechanical strength, 890, 911 
mechanism, of degradation at high 
temperatures, 861, 869-75 
mechanism, of the hydrogen oxidation 
reaction, 136-8, 143, 147, 151-4, 
157-9 

membrane, 11-3, 355-61, 365-74, 612, 

621. See also membrane electrode 
assembly 

membrane electrode assembly, 5-7, 13-5, 
24, 47, 241, 331, 340-1, 357, 360-9, 
374, 384, 389, 392, 403, 412, 429, 
552-3, 555-6, 575, 589, 592, 594, 
602, 656, 680, 693-700 
865-6, 868, 871-2, 877-8, 880-3 
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evaluation, 965-97 
fabrication, 889-912 
fabrication and optimization, 1029-33 
performance, 1003-33 
membrane reactor, 332 
membrane resistance, 975, 989-92 
(Me 4 Ph 5 Cor)Co, 120 
mesoporous catalyst films, 463-5 
mesoscale simulations, 396, 404 
metal-N 4 , 721, 724 
metal phthalocyanine, 117-21, 127-8 
metal porphyrin, 98-9, 117-22 
metal-support interaction, 803, 876 
methanol, 165-270 
methanol crossover, 47-8 
methanol oxidation, 35-7, 166, 168-9, 
172-201, 224-9, 232-9, 243-9, 252- 
70, 478, 566, 576, 583-4, 595, 597, 
717, 725-6, 760, 774, 786, 792, 795, 
799, 804, 808, 918, 930, 936-8, 978, 
984, 1003, 1008-9 

methanol oxidation reaction, 611-12, 617, 
621,625-6,628,632,643,645-51, 
984,1009 

methanol tolerance, 475-7, 628, 632 
microemulsion, 450-3 
microporous layer, 15, 890-11, 1011-15, 
1017-19 

microstructure, 356, 365 

formation, 382, 398, 403-8 
optimization, 385 

migration, 62, 94, 108, 836, 884, 995, 
1046, 1050, 1066, 1075, 1079 
Miller indices, 488-9 
mitigation, 157, 331, 337, 339, 342-3, 
346, 348, 351, 640, 761, 797, 878, 
994, 1057, 1063-6, 1086-8 
mixed potential, 45-8, 112-13 
modeling, 73, 331, 1055 

of carbon monoxide tolerance, 774- 
81 

of catalyst contamination, 337-9, 
349-50 

catalyst layer, 381-439 
theoretical, 289, 294, 317, 322—4 
molecular dynamics, 384, 398-403, 407 
molecular modeling, 382, 433. See also 
modeling, catalyst layer 
molten carbonate fuel cell, 1 
monolayer, 118, 145, 147, 158,213-16, 
258, 345, 472-4, 499, 557, 562-3, 
601, 672, 685, 691, 723, 779, 798, 


800-1,982, 984, 1042, 1058 
morphology, 488, 505-12 
Mo 4 Ru 2 Se 8 , 122 
multiple contaminants, 348-9 
multiwalled carbon nanotube. See carbon 
nanotube, multiwalled 
Nafion®, 2,12-4, 21-2, 40, 47, 92-3, 
114, 170-1, 180, 192, 194, 199,212, 
219, 222, 240-2, 252-4, 264, 268, 
361-2, 365-7, 383-1, 398, 400-5, 
427-8,499, 501, 524, 528-30, 549, 
551-2, 569-71, 578-81, 583, 587, 
591, 594-6, 598-9, 865, 867-8, 877, 
894-900, 902-7,910-1 
Nafion®-bonded, 903 
Nafion®-pyrolyzed method, 900-1 
nanocrystal, 369 

nanoparticles, 168, 188, 195, 198, 208-9, 
218, 223, 228, 230, 233-4, 238, 241, 
243, 245, 249-51, 254-5, 262, 267-8, 
357, 361, 363-7, 369-70, 373, 869, 
871, 875-6, 878-9. See also platinum 
nanoparticles 

nanopores, 383-8, 391, 397-8, 405, 407- 
8, 410-15, 417-20,425, 428,430-3, 
436-9 

nanostructured thin film, 685-7, 904—6, 
940 

nanostructured thin film electrode, 904—6 
nanostructures, 235, 241-8, 255 
nanostructuring substrates, 466-7 
nanowires, 655-7, 661-5, 684-7, 702-3 
metal oxide, 665, 684-7, 702-3 
Nemst equation, 42, 44, 61-2, 71, 144, 
174, 392,417,967 
Nemst-Planck equation, 419-20 
Nemst potential, 96, 144-5,151 
nickel, 34, 148-9, 153, 156-7, 159, 171, 

457, 495, 661, 684, 717, 729, 929-31 
nitric oxide oxidation, 345 

nitrides, 318, 320-1, 553, 620, 725, 728- 
34, 748 

nitrogen-doped carbon, 105-6, 318 
nitrogen oxides, 339-40, 343-6, 348-51 
noble metal catalysts, 32-3,129, 149-56, 

458, 460, 474, 487, 490, 499, 515, 
572, 611, 622, 628, 631, 641, 656, 
684, 718, 733, 736, 798, 802, 804, 
808,919, 1004, 1010. See also 
specific metals and compounds 

non-covalent functionalization, 692 
non-noble catalysts, 32-3, 89, 144, 149, 
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156-7, 226-7, 292, 316-74,447, 
474-9, 611-12, 622-3, 628, 716-49, 
782, 794, 878, 958, 978, 1010, 1071. 
See also carbides; other specific 
metals and compounds; Raney nickel 
and sulfides, 735^11 
non-precious metal catalysts, 172, 185, 
195, 224-9, 316, 776, 810. See also 
specific metals and compounds 
non-uniform catalyst layer, 895, 910-11 
NO, contamination, 339-40, 343-6, 348, 
350-1 

Nyquist plot, 76, 576-80, 583-4, 952, 989 
OH, 292, 294, 298-9, 301, 303-5, 308-9, 
311-12,314-17, 322 
binding energy of, 114-17 
ohmic loss, 69, 72-5, 331, 852, 910, 917, 
950, 958, 965, 972, 1012,1029, 1047, 
1086 

ohmic overpotential, 971-3, 1046-7 
ohmic polarization, 69, 72, 359 
Ohm’s law, 972 

one-dimension nanomaterials, 656, 661, 
684, 702. See also carbon nanofibers, 
carbon nanotubes, nanowires 
one-electron reduction pathway, 89-90, 
94,117,128-9 
one-step synthesis, 471-2 
onset potential, 726-9, 733, 766, 785-6, 
790-6, 804 

OOH, 294, 298-9, 308-11, 314-20 
open circuit, 585, 597 
open circuit voltage, 23^1, 43-9, 67, 70, 
72, 74, 342, 359-61, 367, 566-7, 
580-1, 585, 588, 590, 592-5, 598, 
602, 966-8, 973, 985, 993, 995, 1063 
operating pressure, 18 
operating temperature, 18-9, 341 
optical screening, 627 
optimization, catalyst layer composition, 
1003-33 

optimization, performance, 965, 989 
optimization studies, 412-34 
organic stabilizers, 460 
oscillation, 177, 204, 364 
Ostwald ripening, 869-71, 945, 954, 

1066, 1075-6 
output voltage, 359 

overpotential, 90-1,94, 107-8, 112-13, 
121, 124-5, 129, 135, 140-4, 147, 

151, 158, 167, 184, 194-5, 229-30, 
255, 303, 305, 312, 317, 320, 322, 


339-41, 554, 558, 564, 568, 582-5, 
587-8, 591-3, 600-1, 862, 864 
oxidants, 688-9, 760-1 
oxidation, in high-temperature fuel cells, 
861-84 

oxidation, selective, 332 
oxidation-resistant supports, 868, 876-7 
oxidation state, 512-13, 515, 519 
oxides, 716, 722, 727-8, 730-1, 734, 
742-8 

oxycarbides, 876 
oxygen 

atomic, 111-12, 293-5, 298-302, 
304-5,310,315-17 
0 2 adsorption energy, 114-15 
oxygen adsorption. 111, 114—15, 292- 
303,342, 346-7,351, 1086 
oxygen bleeding, 339 
oxygen diffusion, 385, 393, 397, 412, 
421,424-5,428-30, 437 
oxygen gain, 599-600, 602 
oxygen reduction reaction, 5, 13, 31-3, 

53, 58, 66, 69, 89-129, 135-6, 149, 
356-7, 361, 363—4, 369-71, 861-3, 
891,925, 1042-3, 1049 
and binary catalysts, 853 
and catalyst contamination, 339^12, 
350 

and catalyst degradation, 1062, 1086 
and catalyst layer modeling, 392, 396, 
431,438 

and catalyst layer optimization, 990, 
995, 1009-10, 1031 
and CO-tolerant catalysts, 786-7, 792, 
810 

and combinatorial methods, 611-12, 
619-20, 623—4, 627-8 
and electrochemical methods, 550-1, 
560, 565-6, 570, 572, 582-4, 586, 
591,593,600 

and first principles methods, 289-324 
kinetics of, 89-93, 106-8, 113-14, 
121-2, 124, 127 

mechanism of, 89-90, 99-118, 121-9 
and methanol, 984 

and nanosupports, 683, 685, 688, 695, 
703 

and non-noble electrocatalysts, 715- 
48 

and performance evaluation, 968, 
970-1,978-9, 984 
and physical characterization of 
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catalysts, 487, 492, 495, 507, 
513-16 

and platinum-based alloys, 631-42, 
650 

and PtCo alloys, 792 
and PtRu catalysts, 786-7 
and reversal-tolerant catalysts, 846-7 
and ruthenium, 1064-6 
and temperature, 863, 970-1 
and ternary catalysts, 853 
oxynitrides, 730-3, 748 
ozone contamination, 348, 350-1 
7r-;r-stacking, 692 
painting, 365, 372 

palladium, 32, 34, 39^10, 115, 145-9, 

153, 165, 167, 178,208,213-19, 
223-4, 233, 248-51, 260, 267, 302-5, 
315, 368-9, 371, 396, 471, 489,491, 
566-7, 760, 764, 793-4, 800, 804-5, 
929-30, 1005 

particle size, 447-53, 456, 458-67, 488- 
91, 493-4, 502-4, 508-9, 524, 560-3, 
593, 598 

paste, 894, 898, 900 

pathways, 292-3, 296, 298, 311, 314, 316 
(PCA)Co 2 , 120 
(PCY)Co 2 , 119 

PEM fuel cells. See also high-temperature 
PEM fuel cells 

catalyst contamination in, 331-51 
catalyst ink and layer preparation, 
889-910 

catalyst layer composition, 1003-33 
catalyst layer evaluation, 965-97 
catalyst layer modeling, 381-439 
catalyst layer synthesis, 917-58 
catalyst layers and membrane 
electrode assemblies, 355-74 
catalyst physical characterization, 
487-536 

catalyst synthesis, 447-79, 917-58 
CO-tolerant catalysts in, 759-811 
and combinatorial methods, 609-29 
and electrochemical methods, 547- 
602 

failure diagnosis and mitigation, 
1041-88 

fundamentals, 1-79 
MEA evaluation, 965-97 
MEA preparation, 911-12 
and nanotechnology, 655-703 
and non-noble electrocatalysts 


715-48 

and platinum-based alloy catalysts, 
631-51 

voltage reversal in, 835-56 
percolation theory, 386, 407-11, 413 
perfluorosulfonate acid ionomer, 356-7, 
360-1,365 

performance, 2, 5-6, 8, 11-21, 27, 30-2, 
68-9, 78-9, 94, 154, 157, 169, 172- 
230, 238-42, 245-8, 253-69, 476-9, 
487, 550-4, 556, 567, 588-92, 594-6, 
599, 601-2, 889 

and catalyst layer preparation, 893, 
896, 898-911 
of catalyst layers, 355-74 
and cathode degradation, 1066-87 
and chemical vapor deposition 
processes, 920-41, 958 
and CO tolerance, 759-811 
and contamination, 1057-61 
degradation of, 331—41, 343-51, 362 
evaluation, 965-97 
and flame-based processing, 942-58 
in high-temperature fuel cells, 866-8, 
877-83 

of the membrane electrode assembly, 
1003-33,1042, 1049 
modeling, of catalyst layers, 382, 
412-39 

optimization, 154, 356-7, 367, 397, 
643, 896,920, 965, 989 
and polarization curves, 1046-8 
and ruthenium, 1064-6 
and spray-based processes, 920-9, 

958 

and support, 490-6, 499, 503, 507, 
510,512,515,527,531,536 
targets, 1088 
testing protocols, 1055-6 
and voltage reversal tolerance, 835— 
56 

permeability, 11, 13, 16-7, 359-61, 370, 
407-12, 684, 890, 918, 974, 992-4, 
1012-13, 1015, 1017 
perovskite, 716, 733, 742-8 
phase angle, 574, 576-7, 582 
phase diagrams, 469-70 
phase equilibrium, 357 
phosphoric acid fuel cell, 1, 548-50, 560, 
565, 584, 632, 763, 793, 805, 810-11, 
842, 864, 869, 872, 875, 895, 1019, 
1041, 1075-6, 1079 
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phthalocyanine, 322-3,475, 716, 718-24 
physical characterization, of 
electrocatalysts, 487-536 
physical-chemical evaluation, 965-97 
physical modeling, 397, 412 
physical surface area, 498-9 
physical vapor deposition, 456-7, 521, 
624,907-8,917,958 
pin holes, in membranes, 993-5 
platinum, 4—5, 13-5, 32—41, 46, 53, 57-8, 
66, 135-6, 143-59, 289, 292-3, 295- 
305, 308-12, 315-17, 322-3, 332-5, 
337, 339—42, 345, 347, 349-51, 489- 
96, 499-505, 507-17, 521, 523-4, 
527-31, 533, 535-6, 548-52, 560-7, 
570-3, 578-83, 591, 593-6, 600-1, 
611-28. See also Pt compounds and 
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band, 1074 

and catalyst layer degradation, 1069, 

1074- 5, 1078-9 

and CO-tolerant catalysts, 759-811 
depletion layer, 1079-80 
deposition in the membrane, 1075 
electrode, 91-3, 105, 110-14 
and ethanol, 165-270 
and formic acid, 165-270 
loading, 873, 893, 898, 904, 906-9 
and methanol, 165-270 
nanoparticles, 656, 663, 666-73, 675- 
93, 696-9, 702-3, 925, 930,934- 
7, 945 

oxidation, 46, 112-13, 1070 
particle agglomeration, 869, 1046, 

1075- 80 

particle isolation, 869 
particle size, 1050, 1052, 1069, 1074- 
5, 1078-9 

redeposition, 869, 871, 884, 1079 
Ru-modified, 775-7, 799-800 
skin, 299-300, 303^1, 474 
utilization, 382, 388-91, 394, 398, 
417, 437-8, 715, 882, 884, 894, 
896-7, 899-901, 906-8, 910-11, 
921, 930, 983^1, 1019-20, 1024- 
31, 1046 

and voltage reversal, 835-56 
platinum alloys, 299-305, 310, 312, 315- 
16, 624-7, 631-51, 656, 775-6, 779- 
80, 782-3, 794, 796, 810, 928, 958. 
See also specific alloys 
platinum dissolution, 869-72, 884, 1046, 


1050, 1054, 1066-73, 1075, 1078-9 
kinetics, 1069-71 

platinum-free catalysts, 368, 371, 764, 
782, 804-5, 809, 930. See also 
catalysts, non-noble; catalysts, non¬ 
precious metal 

platinum group metals, 136, 149-56 
platinum sulfide, 335, 347 
platinum-support interaction, 666, 676, 
678-81, 684, 688, 691-3, 701, 703 
Pt 2+ , 870, 895, 1067-9, 1073, 1075 
Pt 4+ , 895, 1069, 1073, 1075 
Pt-alloy/Ccorr-resistant, 875 
PtAu, 567, 804 

Pt/C, 99-101, 124-5, 156, 165, 169, 180- 
4, 188, 194, 197, 206-7, 217, 219, 

222—4, 231-3, 240-1, 250, 266-7, 
305, 334-5, 342, 356, 362-5, 368-71, 
374, 384, 398, 400, 403, 406, 417, 
420, 438, 471, 491-2, 499-500, 502- 
4, 508, 517, 527-30, 551, 563-6, 570, 
583, 596, 616, 633-43, 650, 676-7, 
680, 683, 685, 691, 693, 696-7, 700, 
702-3, 733, 743, 778-9, 782, 787, 
790, 794, 798-805, 810, 846-7, 868, 
872, 874-81, 894-8, 900, 902, 905-6, 
1068, 1070, 1072-3, 1076-8, 1084-7 
PtCo, 632, 634, 640-1, 682, 782, 791-2, 

810, 1006, 1010, 1071-3 

PtCr, 632-3, 637, 640, 1006, 1010, 1043, 
1071 

PtCrRu, 794 

PtFe, 782, 791, 1006, 1010, 1071 
PtFe alloys, 92, 115 

PTFE-bonded, 893, 895-6, 900-1, 903, 
910 

PTFE/C, 901-2 
Pt-FEO, 1067-8 

PtM, 115, 203-13, 515, 791^4, 1071-3 
PtMo, 774, 780, 782, 787-91, 794, 796, 
806, 810, 1006-7 
Pt/MoO x , 447, 797 

PtNi, 632-4, 640, 763, 782, 791, 810, 

811, 1006, 1010, 1071 
Pt 3 Ni, 115 

PtO, 92-5, 112-13 

PtPd, 180-3, 200, 212-13, 219-23, 233- 
4, 250, 255, 259-61, 265, 793-4 
Pt/Pt 2+ dissolution equilibrium 
1068-9 

PtRh, 763,796,810-11, 1006 
PtRu, 39-40, 153, 168-9, 179, 181-2, 
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and CO tolerance, 761-3, 773-811 
effect of composition, 784-6 
effect of particle size, 786 
and voltage reversal, 839, 854 
PtRuAg, 796 
PtRuAu, 796 
PtRuMo, 782, 794-5, 810 
PtRu-MoO x , 796-9 
PtRuNb, 794 
PtRuOs, 794 
PtRuSn, 795-6 
PtRu-VO x , 796 
PtRuW, 794-6 
PtRu-WO x , 796-9 
PtRuZr, 794 

PtSn, 643, 647-8, 773^1, 779-80, 782, 
790-1,796,810 
Pt-sols, 460-1 
PtTa, 792 
Pt/Ti0 2 /C, 876 
PtV, 1071 
Pt-W0 3 , 648, 1006 
Pt-WO x , 797-9 
Pt x Co,. x /C, 1072-3 
Pt 4 Zr0 2 /C, 868, 879-81 
poisoning, 331-7, 341-2, 346-7, 350. See 
also carbon monoxide poisoning; 
catalysts, poisonings 

Poisson-Nernst-Planck theory, 421, 434-5 
polarization, 93-5, 129, 359-60, 367-8, 
588-92,602 

and carbon monoxide, 770, 785, 787, 
789, 793, 796, 804 
and voltage reversal, 842 
polarization curve, 57, 67-78, 94-5, 165, 
171, 183-4, 196,200,213,215,222, 
229, 246, 254, 269, 343-6, 971-3, 
979, 984-6, 988, 996-7,1045-8, 
1050, 1055-6 
polyacrylonitrile, 722-4 
polybenzimidazole, 867-9, 877-8, 882 
polybenzimidazole membrane, 867-9, 
877-9,994, 996 


poly(diallyldimethylammonium chloride) 
method, 104 

polymer electrolyte fuel cell, 381, 384, 
386-8, 391, 393, 395, 398, 403^1, 
407, 409, 413, 427,429, 432-3, 438. 
See also PEM fuel cell 
polymer electrolyte membranes, 381-2, 
392, 394, 409,413, 426, 428-30. See 
also proton exchange membranes 
and CO tolerance, 759-64, 787, 790, 
799,810-11 

and voltage reversal, 836, 839, 841, 
844, 848, 851-2 
polyol method, 461-2 
polypyrrole, 723-4 

polytetrafluoroethylene, 356-7, 360-73, 
551,848,890-1,893-8,900-3,906, 
910, 934, 976,996,1013-19, 1023, 
1063—4 

pore size distribution, 384, 398, 405, 412— 
15,431 

pore structure, 922, 952, 973-4, 1012, 
1015,1018-19, 1027 
porosimetry, 974, 1019 
porosity, 356, 364, 366-7, 890, 893, 895, 
899,910-11 

porous distribution, 383-7 
porous rotating disk electrode, 978 
porphyrin, 32, 121-2, 184, 224, 322-3 
portable electronic products, 355, 367 
portable power, 1, 25, 30-1, 34 
potential cycling, 547, 556, 558, 602, 
1069-71, 1076, 1080-1 
potential step, 547, 558-9, 602 
potential sweep, 547, 560, 568, 602 
potentiostat, 556-60, 570, 578 
Pourbaix diagram, 1068, 1071-2 
power density, 135, 155, 182,212,218, 
242, 259-60, 988 
power output, 347 
pre-treatment, 106, 157, 228, 339 
precursor, 295-6, 310-11 
propanol, 549, 567 
protocols, testing, 1054-6 
proton, 355-60, 365, 367, 370 
proton conductivity, 715, 836, 865, 877, 
893, 895, 903, 907, 975, 994, 1020 
proton diffusion, 382-3, 421 
proton exchange membranes, 331, 339, 
548, 579. See also polymer electrolyte 
membranes 

proton-induced X-ray emission, 597-8 
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pseudo-elementary step, 94 

pyrolysis, 721-4 

pyrolytic graphite, 102, 104, 249 

quaternary alloys, 165, 195-200, 612, 
624-6, 632, 645-6, 649-51, 794, 809 
quinone and derivatives, 89, 108-10, 129, 
1085-6 

radial distribution function, 402-3,405-6 
radiolysis, 125 

Raman spectroscopy, 1053-4 
random composite morphology, 382, 411 
random heterogeneous media, 397,407 
Raney nickel, 149, 156-7, 159 
rate constant, 139—40, 147, 149 
rate determining step, 33, 37, 39, 57-8, 
66, 90, 92, 94, 102, 107-8, 110, 113, 
137-8,140, 149, 151-2, 168, 185, 
187, 204, 206, 293, 306, 309-11, 322, 
339, 357, 360, 420, 590-1, 593, 631, 
647, 768, 779, 862, 969, 1032 
rate limiting step. See rate determining 
step 

reactant, 355-7, 360-1, 364-5, 368 
reactant humidity, 21 
reaction constant, 98 
reaction energy, 311-16, 324 
reaction mechanism, 291-3, 298-9, 304- 
6,310-16, 322, 324 
reaction order, 140-1 
reaction penetration depth, 382, 385, 391, 
393,426,431,433,437 
reaction rate, 90-1, 94, 968-9. See also 
rate determining step 
reaction rate distribution, 382-3, 390-1, 
425-6,432, 438 

reactive sputtering, 725-6, 728, 731, 733, 
739^10,746 

recovery, 335, 339, 342, 344-7, 349-51 
“redox catalysis” procedure, 117 
reduction temperature, 536 
reference electrode, 547-8, 552, 554-5, 
559, 583, 982—4, 989, 993, 1030 
reformation process, 332, 337 
relative humidity, 975, 987-8, 990-2, 

994, 996 

reliability, 21, 23, 25, 30 
resistance, 972-5, 977, 984, 988-92 
resistivity, 746 
resolution, 505-7, 511, 524 
reticulated vitreous carbon, 253-7 
reversal, cell voltage, 835-56 


reversal tolerance, 835-56 
reversal-tolerant catalyst layer, 845-56 
reversible fuel cell potential, 42-4, 303, 
311-20,968-9, 973 
rhodium, 145-9, 153 
rotating disk electrode, 93, 97-9, 104, 

107, 129, 547, 567-9, 570-1, 978-80, 
1045 

rotating ring-disk electrode, 93, 99-101, 
103, 105, 111, 120, 129, 547, 567-70, 
572-3, 602 
Rui.92Moo.o8Se0 4 , 122 
ruthenium, 144, 146-9,153, 157-9 
See also PtRu 

and CO tolerance, 760-6, 771-811 
crossover, 1064-6 
leaching, 1064-6 
Pt-modified, 780, 799-802 
and reversal tolerance, 839-56 
rutile, 731-2, 746-7 
Ru x S y , 122, 124 
Ru x S y (CO) n , 122, 124 

Sabatier’s principle, 293 
salvation energy, 127 
Sarin, 340, 347 

scanning differential electrochemical 
mass spectroscopy, 619, 628 
scanning electron microscopy, 505-6, 
510-11, 523, 525, 536, 905, 978, 996, 
1050-1, 1073-5, 1081, 1083 
Scherrer formula, 489-91 
screen printing, 365 
seal, 6-7, 22-3 

secondary electron imaging, 506 
segmented cells, 589 
selective oxidation, 332 
selenide, 740-2 
selenium, 735—42 

self-organization phenomena, 382, 384, 
388,396,404,433,438 
self-organized electron transfer, 123-4 
serpentine channels, 553-4 
shape control, 449, 467-8 
side-on interaction, 293, 322 
silane-assisted treatment, 689-90 
single cell, 6-8, 68, 70, 75-6, 547, 553—4, 
589-90, 982, 987-8, 993 
single crystal electrodes, 143-4, 150 
sintering, 622, 640-1, 682, 697, 700, 761— 
2, 793, 808, 836, 867, 879, 881, 884, 
993,995, 1016-17 
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skeleton catalyst, 471-2 
skin-layer catalyst, 468, 471-3 
slab model, 291, 295-7 
S0 2 poisoning, 339-43, 346, 348-9 
sol-gel technique, 449-50 
solid oxide fuel cells, 1,518 
solution-based growth method, 663, 665 
solution method, 877, 882-3, 1019-20 
solvent, 356, 365, 372 
sonochemical treatment, 689 
spillover effect, 646, 648, 650 
spinel 

716, 735-48 

spontaneous deposition, 472-3 
spray pyrolysis, 454-5, 917, 919-29 
spraying, 365, 371-2 
spreading, 371 

sputtering, 615-16, 620-1, 624, 626, 628 
sputtering-deposition, 893, 895, 904 
stability, 331, 335, 361-2, 364, 368, 370, 
373-4,553,556, 588,611,624, 
628, 632, 640-3, 649-51, 655-6, 
666, 676, 684, 693,700-3 
and non-noble electrocatalysts, 715-48 
stability diagram, 432 
stack, 1-2, 8-9, 16, 20, 23, 25-6, 30, 67- 
9, 73, 75-6, 587, 589-90, 602 
stack array, 1061 

standard free energy of adsorption, 865 
standard potential, 292, 557 
start-up, 761,787,810, 836-7, 1061, 

1075 

startup-shutdown cycles, 1081 
starvation, 364 
starvation, air, 837-9, 1062 
starvation, fuel, 839-49, 854-6, 1062-5 
stationary power, 25, 27-30 
statistical limitations, 382, 390 
steady-state performance, 374 
steady-state polarization, 68, 93-5, 129 
stoichiometric number, 107-8 
stoichiometries, low, 1061 
stoichiometry, 19 
strain, 299-300, 303, 305 
structural effect, 636 
sub-monolayer formation, 472-3 
substrate layer (SL), 890-1 
sulfides, and non-noble electrocatalysts, 
735-41 

sulfonic acid group, 867, 900 
sulfur compound, 332, 334-6, 339, 342, 
346-51 


sulfur dioxide, 863, 900, 1060-1 
sulfur organics, 332 
sulfur oxides, 340-3, 346, 348-50 
superoxide ion, 89-90, 94, 102, 117, 125— 
9 

support, 356, 361-6, 369, 371, 373—4 
support materials, 655-703. See also 

nanofibers, nanotubes, nanowires 
supported catalysts, 154-6, 655-703 
surface area, 867, 869, 871-3, 876, 892, 
895 

surface concentration, 96-8 
surface coverage, 139—44, 153, 158 
surface morphology, 149-50, 154 
surface oxidation, 688-9 
surface science study, 774-81 
surface structure, 149-50, 152 
symmetry factor, 94, 107, 346 
synergistic effect, 371 
synergistic multielectron transfer, 123 
synthesis, of catalysts, 447-79 
synthesis, of supports, 657-93, 703 
synthesis, template-based, 665 
system, 1, 3-7, 9-11, 18-9, 21-2, 27, 30, 
33,37,62, 76 

Tafel equation, 141, 147, 591 
Tafel reaction, 136-8, 140-3 
Tafel slope, 91, 94,107-8, 113-15, 121, 
124-5,129, 143, 147-8, 292-3, 303- 
4,310, 882, 968-73, 1046-8 
tantalum, 725-8, 730-1, 733, 736 
technical target, 1077-8 
temperature, and performance evaluation, 
967-8, 970-1, 975, 980, 986-9, 993- 
7 

temperature programmed desorption, 534 
temperature programmed reduction, 534- 
5 

template-based synthesis, 665 
template preparation, 463-7 
templates, 234-6, 241-2, 266, 463-7 
ternary alloy, 612-18, 621, 624, 626, 632, 
644-6, 649-51, 728, 734-12, 762, 
794-6, 809, 851-3 
test station, 986-8 
testing, accelerated, 21—4 
testing protocols, 1054-6 
tetracarboxyphthalocyanine, 719 
tetramethoxyphenylporphyrin, 120, 719— 
20, 723-4 

tetraphenylporphyrin, 718-19 
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tetrasulfoplithalocyanine, 719 
theoretical voltage, 359 
thermal analysis, 525-32 
thermal degradation, 22, 701 
thermal (heat) treatment, 106, 120-1,452, 
469,471,473-6,628,633,636,640 
thermal management, 8, 9 
thermal voltage, 573 
thermodynamic stability, 1066-9 
thermodynamic voltage, 593, 600 
thermodynamics, 138, 144-5 
thermogravimetry, 489-91, 525-32 
thin-film rotating disk electrode, 978 
thiospinel, 737-9 

three-dimensional electrode structure, 
684-5, 703 

three-phase boundary, 891-2 
three-phase interface, 355-8, 360, 365, 
372, 374, 873 

three-phase reaction zone, 904 
through-plane, 908, 910 
time constant, 573-4, 576, 586 
titanium, 157, 725, 728-36, 746-7, 850-4 
toluene, 340, 347-8 

trans-configuration, 118-19. See also cis- 
configuration 

transfer coefficient, 55, 57, 74, 90^1, 113 
transient kinetic model, 338-9 
transition metal carbides, 89, 124-5, 129 
transition metal chalcogenides, 89, 122—4, 
477-8 

transition metal macrocyclic compounds, 
89,117-22,129 
transition metals, 715—48 
transition state, 291, 296, 300, 306-8 
transmission electron microscopy, 497, 
503-11, 523—4, 536, 561, 731-2, 845, 
945, 996, 1045, 1050-3, 1073-80 
transportation, 1, 25-7 
transportation systems, 355 
triple-phase boundary, 391, 437, 551 
tungsten carbides, 156, 363, 369, 370-1, 
716, 725-7, 876 

two-electron reaction, 717-18, 724, 728, 
738, 746, 1046, 1069-70, 1085 
two-electron reduction pathway, 89-90, 
100, 102—4, 108-9, 111, 113, 117-18, 
121-2, 129 

two-phase boundary, 434-8 
two-phase catalysts 
434-6, 468-71 

two-probe configuration, 578-9 


two-scale system, 412 
two-step synthesis, 471-2 
typical element, 733 

ultra-microtome, 1050-1 
ultra-thin nanostmctured composite 
catalyst layers, 433-8 
ultrasonic spray pyrolysis, 723—4 
uncompensated electrolyte resistance, 

548, 552 

United States Department of Energy, 383, 
760, 1055-6, 1087-8 
utilization, 356-7, 360, 364-5, 372. See 
also catalyst utilization 
UV-induced photoelectron spectroscopy, 
519-22 

UV-VIS spectrophotometry, 532 

valence band, 513, 519-22 
vapor-based growth method, 663-4 
vapor deposition, 450, 455-7 

See also chemical vapor deposition, 
physical vapor deposition 
vapor-liquid-solid growth method, 663 
vapor-solid growth method, 663 
Vegard’s law, 469-70 
volatile organic compounds, 340, 347-8, 
350-1 

Volmer reaction, 136-9, 143, 145, 151-2, 
159,581 

voltage efficiency, 383, 386, 391, 393, 
412,425,428,432-3 
voltage loss, 31-3, 45, 67-78, 381-2, 
385-6,390-4,425-6,439 
voltage reversal, 1061-5. See also 
catalysts, reversal-tolerant; cell 
voltage reversal 

Vulcan® carbon, 13, 114, 156, 168, 174, 
179, 182, 191, 197-8, 216. 221, 228, 
237-8, 244-53, 263^1, 342, 362, 364, 
400, 405, 448,452, 461, 491, 504, 
508, 511,516, 523-4, 528, 566, 571, 
573, 633-4, 682, 697, 702, 723, 783- 
5, 794, 798-9, 802^1, 807, 849, 855, 
873-4, 876, 1008, 1015, 1019, 1043, 
1053, 1058-9, 1078, 1084 

Warburg impedance, 575-7 
warfare gases, 340, 347-8, 351 
water accumulation, 387-8, 395, 412, 
425,428,431-2 
water at anodes, 839, 847-50 
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water balance, 18,21 
water electrolysis, 838-42, 847, 849-55 
water flooding, 866-7, 893, 900 
water-gas shift reaction, 332-3, 564, 600- 
1 

water management, 8, 9, 17, 18, 21, 22, 
374, 387, 428-34, 438-9, 846, 861, 
865-6, 875, 877, 884, 890-1, 906, 
1011-16, 1032, 1072 
water retention, 849, 911 
W 2 C, 92, 124-5 
W 2 CPt/C, 124-5 
WCoSe, 122 
wet-spraying, 898 
wettability, 890, 975-8 
whiskers, 904-5, 939—40 
working electrode, 547-9, 556, 559-60, 
568, 570, 981-2, 989, 993, 1003, 

1030 


X-ray absorption spectroscopy, 776, 786, 
801 

X-ray diffraction, 488-96, 502, 530, 784- 
5, 789, 795-6, 798, 800, 807-8, 852, 
996, 1004, 1051-3, 1052-3, 1075 
X-ray emission, 497-8 
X-ray fluorescence, 497-8 
X-ray photoelectron spectroscopy, 513- 
21, 530, 726-7, 739, 742, 776, 790, 
808-9, 844, 852, 954-5, 1054, 1085 

yttria-stabilized zirconia, 518-19 

zeolite, 876, 930 
zirconium, 730-2, 746-7 
zirconium phosphate-Nafion® composite 
membrane, 867 



